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ABSTRACT 
 Solar thermal energy can be a good replacement for fossil fuel because it is clean 
and sustainable. However, the current solar technology is still not efficient and 
expensive. The effective way to increase the efficiency of solar collector is to use 
nanofluid. This study is carried out to analyze the impact on thermal performance, heat 
transfer and economic of a flat-plate solar collector when SiO2 nanofluid utilized as 
working fluid. The analysis is based on different volume flow rates and varying 
nanoparticles volume fractions. From the numerical study, it can be revealed that CuO 
have the highest thermal efficiency enhancement of up to 38.46% compared to water 
where else SiO2, TiO2 and Al2O3 performed almost similarly. However, SiO2 nanofluid 
is the cheapest and the most abundance materials on earth. Therefore, it is more suitable 
option. The experimental study has indicated that up to 27.2% increase in the thermal 
efficiency and 34.2% increase in exergy efficiency were achieved by using 0.2% 
concentration SiO2 nanofluid on solar collector compared to water as working fluid. The 
drawback of adding nanoparticles in the base fluids is the increase in viscosity of the 
working fluid that has led to increase in pumping power of the system and pressure drop 
in pipes. However, for low concentration nanofluids, only negligible effect in the 
pumping power and pressure drop is noticed. Using nanofluid could also improve the 
heat transfer coefficient by 28.26%, saving 280 MJ more embodied energy, offsetting 
170 kg less CO2 emissions and having a faster payback period of 0.12 years compared 
to conventional water based solar collectors. Applying SiO2 nanofluid could improve 
the thermal efficiency, heat transfer and economic performance of a flat-plate solar 
collector. 
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ABSTRAK 
 Tenaga haba solar adalah bersih dan tak terbatas dan boleh menjadi pengganti 
yang baik untuk bahan bakar fosil. Walau bagaimanapun , teknologi solar semasa masih 
mahal dan rendah kecekapan. Salah satu cara yang efektif dalam meningkatkan 
kecekapan adalah dengan menggunakan nanofluid. Kajian ini dilakukan untuk 
menganalisis kesan ke atas prestasi haba, pemindahan haba dan ekonomi kolektor haba 
matahari dengan menggunakan SiO2 nanofluid sebagai media penyerap haba. Analisis 
ini berdasarkan kadar aliran yang berbeza dan berbeza-beza konsentrasi nanopartikel. 
Dari kajian berangka, ia boleh mendedahkan bahawa CuO mempunyai prestasi yang 
tertinggi sehingga 38.46% berbanding dengan air. Walau bagaimanapun, SiO2 nanofluid 
adalah yang termurah dan bahan-bahan yang paling banyak dan pentingnya ia dalam hal 
kesinambungan adalah lebih tinggi. Kajian eksperimen telah menunjukkan bahawa 
sehingga 27.2% peningkatan dalam kecekapan tenaga haba dan peningkatan 34.2% 
dalam kecekapan exergy telah dicapai dengan menggunakan kepekatan 0.2% SiO2 
nanofluid pada kolektor suria dibandingkan dengan air. Kesan negatif menambahkan 
nanopartikel dalam cairan asas adalah peningkatan kelikatan bendalir kerja yang telah 
menyebabkan peningkatan mengepam kuasa dan penurunan tekanan. Walau 
bagaimanapun, bagi nanofluid kepekatan rendah, hanya kesan kecil pada penigkatan 
kuasa pam dan penurunan tekanan di tunjukkan. Menggunakan nanofluid juga boleh 
meningkatkan pemindahan haba sebanyak 28.26%, menjimatkan 280 MJ tenaga, 
mengimbangi 170 kg kurang emisi CO2 dan mempunyai tempoh bayaran balik yang 
lebih cepat sebanyak 0.12 tahun berbanding pengumpul konvensional suria berasaskan 
air. Menerapkan SiO2 nanofluid dapat meningkatkan kecekapan haba, pemindahan haba 
dan prestasi ekonomi dalam pengumpul suria plat datar . 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
 World energy demand is increasing and expected to accelerate more in the future 
due to developments and rise in human population. However, the sources and 
production of fossil oil are depleting. Climate change and environmental pollution are 
now becoming huge global problems (IPCC 2014). Human population are increasing 
rapidly (UNPF 2014). Global temperature is rising. Pollution level is high. Energy 
resources are becoming more scarce and costly. Valero et al. (2010) pointed out that 
there might not be sufficient petroleum available to fulfill the future predicted energy 
demand. For the last 150 years, more than 800 billion barrels of petroleum have been 
utilized from the estimated reserves of 2.2 trillion barrels. Based from the present 
consumption of 90 million barrels a day worldwide, the remaining 1.4 trillion barrels of 
oil can only last for the next 40 years. Because of the high pollution level, the 
regulations of environmental laws have become stricter than ever. The lack or decrease 
of resources had increase the price of oil. Renewable energies are becoming more 
important in the world economy today because they are sustainable, safe and clean. 
Therefore, there is a large effort in using solar thermal energy as solutions to replace oil 
as a source of heat energy.  
 
 Currently, there are two main ways of utilizing solar energy: photovoltaic (PV) 
and solar thermal or heat energy from the sun. Photovoltaic works by converting the 
light energy from the sun directly to electrical energy. Solar thermal energy is in the 
form of heat energy from the sun for the purpose of heating, drying and also electric 
power production. Flat plates are generally used for heating. For high temperature 
requirements, sunlight is concentrated using mirrors or lenses for electric power 
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generation. The principle is more or less the same as burning coal or oil in boiler power 
plant except that the source of heat energy to boil water is from the sun which is clean 
and renewable. Concentrating sunlight as a heat energy source to produce electricity is 
the best options as a replacement of burning fuel in boiler power plants. However, the 
peak efficiencies of current combined cycle power plants have reach to more than 50% 
(Langston 2009 ) compared to the efficiency of concentrated solar thermal power plants 
that are still below 20% (Pacheco 2001; Romero et al. 2002). 
 
 In household energy usage, a large portion of energy consumption is used to heat 
water for shower, cooking or washing. In Malaysia, the average energy demand for 
water heating is around 11.03% as shown in Figure 1.1. Most of this heat energy 
demand is supplied by electrical energy or burning of petroleum gas that will contribute 
to a lot of environmental problems. Solar thermal energy is free and unlimited source of 
energy that can meet the world’s future energy needs without harming the earth. 
Therefore, a lot of studies had been made to address this issue. Tora and El-Halwagi 
(2009) had developed an optimal design to integrate solar systems and fossil fuel for 
stable and sustainable power generation. Nemet et al. (2012) continued the work further 
by developing CSEC (captured solar energy curve) and MCTC (minimal capture 
temperature curve) to maximize the solar heat energy delivered to the process. Ranjan 
and Kaushik (2013) performed a thermodynamics analysis of active solar distillation 
system integrated with solar pond that can contribute to water security and 
sustainability. Sanchez-Bautista et al. (2014) presented an optimization model for the 
optimal design of water-heating system for homes in Mexico. In the model, location, 
solar radiation, inhabitants and time-based consumption pattern were accounted to 
determine the optimal design of integrated solar and boilers water heating systems 
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aimed to minimized cost and greenhouse gas emissions. All these are part of the effort 
to make the solar thermal energy system more efficient.  
 
 
Figure 1.1: Average electricity consumption breakdown (%) in Malaysia 
(Lalchand 2012) 
 Because of the low efficiency of solar thermal energy, a lot of effort is taken to 
raise their efficiency to decrease the cost per watt of power production. The effective 
way to increase the efficiency of solar collector is to use nanofluid. Nanofluid is a base 
fluid with suspended nanometer-sized particles. After carbon nanotubes have been 
discovered in 1991, carbon-based nano particles have been of high interest to 
researchers because of their superior thermal, mechanical, and electrical properties 
(Haddon 2002; Saidur et al. 2011).    
 
 
 Researches on enhanced thermal efficiency of solar collector by applying 
nanofluids have been made in the past few years by numerous researchers such as 
Yousefi (2012), Lenert and Wang (2012), Otanicar (2010) and Taylor et al. (2011). An 
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experimental investigation conducted by Yousefi et al. (2012c) on the effect of Al2O3 
based nanofluid showed an efficiency increase of 28.3% for flat-plate solar collectors. 
Lenert and Wang (2012) presented a model and performed an experimental study of 
concentrated solar power application using carbon-coated cobalt (C-Co) nanoparticles 
and Therminol VP-1 base fluid. They concluded that the efficiency was more than 35% 
with nanofluid and the efficiency would increase with increasing nanofluid 
concentration. Lu et al. (2011) showed that the application of Copper Oxide (CuO) 
nanoparticles in evacuated tube solar collectors would significantly enhance the thermal 
performance of evaporator and evaporating heat transfer coefficient by 30% compared 
to water as working fluid. 5% improvement in the efficiency was found out by Otanicar 
et al. (2010)  using variety of nanoparticles with water as base fluid for micro-solar-
thermal collector. Shin and Banerjee (2011) applied novel nanomaterials in molten salts 
base fluid to  concentrated solar power coupled with thermal storage and experienced an 
enhancement in operational efficiencies. Taylor et al. (2011) used graphite base 
nanofluids in high flux solar collectors that resulted in 10% increase in the efficiency. 
Zamzamian et al. (2014) performed an experimental study to investigate the effect of Cu 
nanoparticle on the efficiency of a flat-plate solar collector in different volume flow 
rates and weight fractions of the nanoparticles and found that the optimum point for 
solar collector efficiency can be reach up to 0.3 wt% Cu nanofluid at 1.5 L/min. 
 
Because of higher thermal conductivity and efficiency of nanofluids, smaller and 
compact design of solar thermal collectors has become possible without affecting the 
output desired. Smaller size collector can reduce the material usage, cost and energy 
required in manufacturing (Leong et al. 2012). Studies were made on the potential of 
5 
 
size reduction of various engineering applications by using nanofluids. These studies 
were based on vehicle’s weight reduction (Saidur and Lai 2011), building heat 
exchanger’s heat transfer area (Kulkarni et al. 2009), the reduction of air frontal area of 
a car radiator (Leong et al. 2010)  and the size reduction of shell and tube recovery 
exchanger (Leong et al. 2012). Applying nanofluid in solar collectors is also expected to 
produce similar potential. 
 
 Another important issue to address in solar energy system is the cost of the 
system (Kalogirou 2008). Solar technology is commonly perceived by many as very 
expensive. Therefore, economic analysis is a very important aspect to consider when 
dealing with a renewable energy technology especially the life cycle analysis and 
payback period. Some studies  had been made to evaluate the economic and 
environmental impact of solar hot water system (Ardente et al. 2005; Kalogirou 2004a; 
Kalogirou 2008; Tsillingiridis et al. 2004), where one particular study focused on the 
environmental and economical analysis of direct absorption micro solar thermal 
collector utilizing graphite nanofluid (Otanicar 2009). 
 
Nanofluids have been proven to improve the performance and heat transfer 
characteristics for solar collector’s application. However, there are still some issue with 
nanofluid including the raised of viscosity of the fluid that will lead to increase in 
pumping power load and the major issue of nanofluids for long term engineering 
applications is the stability (Liu and Liao 2008). Nanoparticles in the base fluid 
naturally will aggregate and sediment. In theory, there are both attractive force and 
repulsive force between particles (Ise and Sogami 2005). The attractive force is the van 
der Waals force and the repulsive force is the electrostatic repulsion that will occur 
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when particles get too close together. If the repulsive force is stronger than the attractive 
force, nanoparticles in the base fluid can remain stable or otherwise it will aggregate 
and serious aggregation will lead to sedimentation. Adding surfactants to the nanofluid 
can enhance the electrostatic repulsion of nanoparticles. Surfactants such as sodium 
dodecyl benzene sulfonate, sodium dodecyl sulfate or Triton X-100 had been tested and 
proven to stabilize nanofluid (Wang 2009).  However, the effect might be broken down 
when the Brownian motion of nanoparticles is too strong or when the nanofluid is 
heated. Another way to stabilize nanofluid is by changing the pH value of the solution 
(Yousefi et al. 2012a). The pH of isoelectric point for nanoparticles carries no electrical 
charge and therefore causes no interparticle repulsion force which in turn causing more 
aggregated solution. The more differences between the pH of nanofluid and pH of 
isoelectric point will cause less aggregation and better dispersion. A better way to 
stabilize nanofluid as was proposed by Yang and Liu (2010) is to graft polymers onto 
the surface of nanoparticles and also known as surface functionalization. Silanes were 
grafted on silica nanoparticles making “Si-O-Si” covalent bonding and resulting in 
steric stabilization effect even when heated. Functionalized SiO2 nanoparticles have 
been reported to keep dispersing well after 12 months and no sedimentation was 
observed (Chen et al. 2013). 
Thermodynamics analysis is one of the preferred methods to analyze the 
performance of a solar collector. In thermodynamics analysis, the energy equation alone 
is insufficient to evaluate the flat-plate solar collector efficiency. The second law or 
exergy analysis is more effective to determine the source and magnitude of 
irreversibilities, and can be used to improve the efficiency of the system. Exergy is the 
maximum output that can be achieved relative to the environment temperature (Cengel 
and Boles 2010). Some exergy analysis studies have been conducted by (Saidur et al. 
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2012) on various solar energy applications and Farahat et al. (2009) on flat-plate solar 
collectors. Mahian et al. (2013) also comprehensively  reviewed the entropy generation 
in nanofluid flow while Alim et al. (2013) made an analytical analysis of entropy 
generation in a flat plate solar collector by using different types of metal oxide 
nanofluids. However, to the best of the author’s knowledge, experimental studies on 
solar collector  using SiO2 nanofluid have  not appeared in the open literature even 
though a lot of simulation works have been done and all the studies on the exergy 
analysis on flat-plate solar thermal collectors are either simulation or theoretical. 
Therefore, this thesis will focus on the thermodynamics performance, heat transfer 
characteristic and economic analysis of flat-plate solar collectors when applying SiO2 
nanofluid to fill up those gaps.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 
 
1.2 Objectives of study 
 Because of the low efficiency of solar thermal energy devices, a lot of effort is 
taken to raise their efficiency that will decrease the cost per watt of power production. 
One of the effective methods to increase the efficiency is to replace the working fluid 
with nanofluids. Therefore in order to design and analyse a solar thermal collector 
effectively, it is necessary to address the following objectives: 
1. To analyse the thermodynamics performance of flat-plate solar thermal 
collector utilizing SiO2 nanofluid 
2. To measure the effect of heat transfer enhancement in nanofluid solar 
collector 
3. To estimate the economic advantage of applying nanofluid in solar collector 
 
1.3 Scope of this study 
 Solar collectors are bulky, low in efficiency and mostly expensive. Applying 
nanofluid in solar collector can address all these issues. The present investigation is an 
attempt to provide the efficiency, heat transfer and economic analysis of solar collector 
when applying nanofluid as working fluid. The thermo physical properties, rheological 
behaviour and stability of proposed silane coated SiO2 nanofluid were considered. The 
prepared nanofluid was applied in a conventional flat-plate solar collector where 
parameters such as solar radiations, inlet temperatures, outlet temperatures, absorber 
surface temperatures, ambient temperatures and wind velocities were recorded. All 
these data were then used to perform efficiency, heat transfer and economic analysis of 
nanofluid solar collectors and comparison was made with distilled water solar 
collectors.   
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1.4 Organization of the thesis 
This thesis consists of five (5) chapters and organized as follows: 
 Chapter 1 introduce about the background and motivation of this studies 
including issues in fossil energy sources and the importance of switching to renewable 
energy sources such as solar thermal energy. Objectives are listed and scope of the 
study is presented in this chapter.  
 Chapter 2 provides a literature review for the study. Views on the potential of 
solar energy are shared. Different types of solar collectors are listed in this chapter. 
Development of flat-plate collectors is also described. Recent studies of the application 
of nanofluids in solar collectors are reviewed and some of the important properties of 
nanofluids are taken and tabled.   
 Chapter 3 explains the methodology for this project. In this chapter, an 
explanation of preparation of SiO2 nanofluids, apparatus, experimental set up and 
experimental procedure of flat-plate solar collector applying SiO2 nanofluid are 
presented. Analytical methods that are applied to calculate efficiency, exergy, pumping 
power, heat transfer, embodied energy analysis, economic analysis and environmental 
analysis are also provided. 
 Chapter 4 presented all the results that have been obtained from the experiments, 
calculations and analysis on tables and graphs followed by detailed discussion 
explaining, reasoning, justifying, commenting upon and comparing with literature 
reviews. 
 Chapter 5 concludes the study and recommends some further works that can be 
taken in the future. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
 
Solar Energy is fee and unlimited source of energy that can meet the world’s 
future energy needs without harming the earth. Solar energy actually has the potential to 
cover all energy needs including electrical, thermal, chemical and even transportation. 
The National Science Foundation USA in testimony before the Senate Interior 
Committee in 1972 stated that “Solar Energy is an essentially inexhaustible source 
potentially capable of meeting a significant portion of the nation’s future energy needs 
with a minimum of adverse environmental consequences. The indications are that solar 
energy is the most promising of the unconventional energy sources”(Goswami et al. 
2000). 
 
Solar energy comes from the sun. The sun is the star of our solar system. The 
earth and other planets in our solar system orbit the sun. About 74% of the sun’s mass is 
hydrogen, 25% is helium, and another 1% is traces of heavier elements. The sun’s 
temperature is approximately 5500K. The sun is a sphere that generates massive amount 
of energy consistently and continuously by thermonuclear fusion reactions from 
hydrogen atom into helium atom. Very small fractions of this massive amount of energy 
reach the earth. Continuously, 1.7 x 10
17
 W of radiations from the sun reach the earth. 
10 billion world population with a total power needed per person of 10 kWh would 
require about 10
11 
kW of energy. If solar radiation of only 1% of the earth surface could 
be converted into useful energy with 10% efficiency, the total energy generated per year 
would be 11.2 x 10
14
 kWh; more than enough to fulfil the energy needs of the entire 
population (Singal 2008). 
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Basically all forms of energy in the world come from solar. Plants convert the 
energy of solar radiation to chemical form by photosynthesis. Photosynthesis is the 
synthesis of glucose from sunlight, carbon dioxide and water with oxygen as a waste 
product (Kalogirou 2009). Oil, coal, natural gas and wood were produced by 
photosynthesis, drying, and decaying vegetation and complex chemical reaction over a 
long period of time. Even the energy from wind are caused by solar that affected the 
temperature and pressure in different regions of the earth.  
 
Historically, the sun has been use to dry and preserve food as the first utilization 
of solar energy. The sun has evaporated sea water so that we have salt. Since humans 
began to think in reason, they believed the sun as a power behind every phenomenon. 
Some nations like Persions considered the sun as god. One of greatest engineering 
achievements, the Great Pyramid, was built as a stairway to the sun (Anderson et al. 
2010).  
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 From prehistoric times, people had benefited from the good use of solar energy. 
Table 2.1 below summarize the history of application of solar energy. 
 
Table 2.1: History of Application of Solar Energy (U. S. Department of Energy, 
2013) 
Year Event 
7
th
 Century 
B.C. 
Magnifying glass to make fire and to burn ants 
3
rd
 Century 
B.C. 
Mirrors to light prayer torches by Greeks and Romans 
2
nd
 Century 
B.C. 
Stories about reflective bronze shields used by the Greek scientist, 
Archimedes to set fire to wooden Roman Empire’s ship. Greek Navy 
recreated the experiment in 1973 and successfully set fire to a wooden 
boat at 50m distance. 
20 A.D. Mirrors to light religious torches in Chinese documents 
1
st
 to 4
th
 
Century A.D. 
The famous Roman Bathhouses built with large windows facing south 
6
th
 Century 
A.D. 
Justinian code “sun rights” ensure individual access to sunlight. 
1200s A.D. Anasazi, ancestors’ of Pueblo people in North America live in cliff 
dwellings facing south 
1767 Hot box made of glass with two boxes inside invented by Horace de 
Saussere, the Swiss scientist. 
The design used by Sir John Herschel to cook food during his 4
th
 
Africa expedition in 1830s 
1816 The sterling engine system patented by Robert Sterling used by Lord 
Kelvin using concentrated solar thermal energy to produce electricity 
1839 Photovoltaic effect discovered first time by Edmond Becquerel, French 
when he found out that electricity generation increased when exposed 
to sunlight 
1860s Solar-powered steam engines proposed by French August Mouchet and 
the first solar powered engines constructed in two decades with Abel 
Pifre using parabolic dish collector 
1873 Photoconductivity of selenium discovered by Willoughby Smith 
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Year Event 
1876 Discovery of electrical current produced when selenium exposed to 
light by William Grylls Adam but not enough to power electrical 
equipment at that time 
1880 Bolometer, used to measure light from the faintest stars and the sun’s 
heat rays invented by Samuel P. Langley 
1883 The 1
st
 selenium wafers solar cells designed by American Charles Fritts 
1891 The 1
st
 commercial solar water heater patented by Clarence Kemp 
1904 Discovery of copper and cuprous oxide combined is photosensitive by 
Wilhelm Hallwachs as the beginning of the new development of pv 
1905 Theory of relativity and photoelectric effect published by Albert 
Einstein 
1908 Solar collector with copper coils and insulated box invented by 
William J. Bailey of the Carnegie Steel company  
1914 Barrier layer in photovoltaic devices was recognized 
1916 Einstein theory of photovoltaic effect proved experimentally by Robert 
Milikan 
1918 Development of single-crystal silicon by Jan Czochralski, Polish 
Scientist 
1920s Discovery of natural gas that stops solar thermal industry 
1921 Albert Einstein wins the Nobel Prize for his theory of photoelectric 
effect 
1932 Discovery of photovoltaic effect of Cadmium Sulfide (Cds) by 
Audobert and Stora 
1947 Passive solar buildings built in the US after the prolonged world war II  
1953 The 1
st
 theoretical calculations on the efficiency of various materials of 
different band gap widths based on the spectrum of the sun made by 
Dr. Dan Trivich from Wayne State University 
1954 The 1
st
 silicon PV cell with 4% efficiency developed by Daryl Chapin, 
Calvin Fuller, and Gerald Pearson at Bell Labs 
1955 Western Electric began to sell commercial licenses for silicon PV  
Mid 1950s World’s 1st commercial office building using solar water heater and 
passive design by architect Frank Bridgers 
1956 Development of PV cells for satellites initiated by William Cherry, 
U.S. Signal Corps Laboratories by approaching Joseph Loferski from 
RCA Labs 
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Year Event 
1957 8% efficient PV cells was achieved by Hoffman Electronics 
1958 Fabrication of n-on-p silicon PV cells that has higher resistant to 
radiation by T. Mandelkom, U.S. Signal Corps Laboratories. 
 The Vanguard 1 space satellite used a small, less than 1 watt array for 
radios. Other satellites including Explorer III, Vanguard II and Sputnik 
-3 were using PV-powered systems 
1959 10% efficient PV cells were achieved by Hoffman Electronics. 
Commercialized and used grid contact that can significantly reduce the 
series resistance 
 The Explorer VI satellite is launched on August 7 with PV array of 
9600 cells of 1 cm x 2 cm each. Explorer VII launched on October 13 
1960 14% efficient PV cells was achieved by Hoffman Electronics 
 Production of selenium and silicon PV cells by newly founded Silicon 
Sensors, Inc. 
1962 The Telstar with initial power of 14 W was launched by Bell 
Telephone Laboratories as the first telecommunication satellite 
1963 Sharp successfully produced practical silicon PV modules 
 Japan installs a 242 W PV array on a lighthouse as the world’s largest 
at that time 
1964 The 1
st
 Nimbus spacecraft launched by NASA.  
1965  Solar Power Satellites proposed by Peter Glaser 
1966 The 1
st
 Orbiting Astronomical Observatory powered by 1 kW PV array 
was launched by NASA 
1969 An 8-storey parabolic mirror called Odeillo Solar Furnace was 
constructed in Odeillo, France 
1970 A significantly lower cost solar cell, reduced cost from $100 a Watt to 
$20 a Watt by Dr. Elliot Berman and funded by Exxon Corp. Powered 
navigation warning lights and horns on offshore gas and oil rigs, 
lighthouses, railroad crossings and also in remote area. 
1972 Educational television installed by the French at a village school using 
a cadmium sulphide (Cds) PV system  
 World’s 1st lab specific for PV R & D established as The Institute of 
Energy Conversion at the University of Delaware.  
1973 “Solar One”, the world’s 1st PV powered residences was built by 
University of Delaware. 
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Year Event 
  
1976 83 PV power systems were installed by NASA Lewis Research Center 
on every continent except Australia. 
 1
st
 amorphous silicon PV cells was fabricated by David Carlson and 
Christopher Wronski in RCA Lab 
1977 Solar Energy Research Institute was launched by U.S. Department of 
Energy 
 The total production of photovoltaic had exceeds 500 kW 
1978 World’s 1st village PV system with 3.5 kW was installed by NASA’s 
Lewis Research Centre on the Papago Indiana Reservation located in 
southern Arizona.  
1980 The 1
st
 company successfully produced more than 1 MW of PV 
modules in a year is ARCO Solar 
 More than 10% efficiency achieved by the 1
st
 thin-film solar cell 
developed at the University of Delaware using copper 
sulphide/cadmium sulphide  
1981 The 1
st
 solar-powered aircraft, the Solar Challenger, was built by Paul 
Mac Gready and flew across the English Channel from France to 
England. Over 16,000 solar cells mounted on the wings producing 
3,000 W of power  
1982 The 1
st
 megawatt scale PV power station built by ARCO Solar in 
Hisperia, California that consist of modules on 108 dual-axis trackers 
with 1 MW power capacity 
 The 1
st
 solar-powered car, the Quiet Achiever was driven by Australian 
Hans Tholstrup in almost 2,800 miles between Sydney and Perth in 
20days. The achievements is 10 days faster than the 1
st
 gasoline-
powered car  
 Solar One, a 10 MW central receiver was developed by the U.S. 
Department of Energy. It uses power tower system for concentrated 
solar thermal energy to produce electricity 
 Volkswagen begins testing 160 W roof mounted PV arrays on Dasher 
Station Wagons for the ignition system.  
 PV production exceeds 9.3 MW worldwide 
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Year Event 
1983 6 MW PV substations were built by ARCO Solar in Central California. 
The facility covered 120-acre of land that supplies electricity to the 
Pacific Gas & Electric Company’s utility grid. 
 A stand-alone, 4 kW powered solar system was completed by Solar 
Design Associates in the Hudson River Valley 
 PV production exceeds 21.3 MW with sales of more than $250 million 
worldwide 
1984 1 MW PV electricity generating facility was commissioned by 
Sacramento Municipal Utility District 
1985 20% efficiency barrier for silicon solar cells was broken by the 
University of South Wales under 1-sun conditions 
1986 The world’s largest solar thermal facility was commissioned in Kramer 
Junction, California. The system used concentrating mirrors arranged 
in rows to supply heat for steam turbine power generator 
 The world’s first commercial thin-film power module, the G-4000 was 
released by ARCO solar. 
1988 Lepcon and Lumeloid, two newly developed solar power technology 
were patented by Dr. Alvin Marks. 
1991 The U.S. Department of Energy’s Solar Energy Research Institute is 
changed to the National Renewable Energy Laboratory by President 
George Bush 
1992 15.9% efficient thin-film PV cell made of cadmium telluride was 
developed by University of South Florida 
 Functioning 7.5 kW prototype dish system was developed using an 
advanced stretched-membrane concentrator 
1993 The 1
st
 grid supported 500 kW PV system was completely installed by 
Pacific Gas & Electric in Kerman, California. 
1994 The most energy efficient of all U.S. government buildings worldwide, 
the Solar Energy Research Facility construction was completed by the 
National Renewable Energy Laboratory.  
 The 1
st
 free-piston Stirling engine powered by solar dish tied to utility 
grid 
 The 1
st
 solar cell to exceed 30% conversion efficiency was developed 
by the National Renewable Energy Laboratory and made from gallium 
iridium phosphate and gallium arsenite  
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Year Event 
  
1996 Icare, the world’s most advances solar-powered airplane, was 
successfully flown over Germany. 3,000 super-efficient solar cells 
covered 21 m
2
 areas of the wings and tail surface.  
 Solar Two, an upgraded Solar One solar power tower project begins to 
operate. 
1998 An altitude record of 80,000 feet was achieved by “Pathfinder” the 
remote-controlled solar power aircraft on its 39
th
 consecutive flight on 
August 6, in Monrovia, California 
 The invention of flexible solar shingles, was led by Subhendu Guha, a 
noted scientist for his pioneering work in amorphous silicon 
1999 4 Time Square constructions were completed as the tallest skyscraper 
built in the 1990s in New York City. It includes building-integrated 
photovoltaic (BIPV) panels on the 37
th
 through 43
rd
 floors on the south 
and west facing facades. 
 32.3% conversion efficiency was achieved by Spectrolab, Inc. and the 
National Renewable Energy Laboratory by combining 3 layers of PV 
materials into a single solar cell. The cell performed efficiently with 
concentrated sunlight 
 18.8% efficiency achieved by the National Renewable Energy 
Laboratory for thin-film PV solar cells 
 1000 MW PV capacity was reached cumulatively worldwide 
2000 Production begins by First Solar in Perrysburg, Ohio, the world’s 
largest PV manufacturing plant.  
 The largest solar power array began to be installed and used in space 
by the International Space Station consisting of 32,800 solar cells for 
each wing of the array 
 A new inverter for solar electric system was developed by Sandra 
National Laboratories increasing the safety of the systems from power 
failure 
 10.8% and 10.6% conversion efficiency of 0.5 m
2
 and 0.9 m
2
 thin-film 
solar modules was achieved by BP Solarex as the highest efficiency in 
the world.  
 The largest solar electric system installed on a family home in 
Morrison, Colorado U.S. 
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Year Event 
  
2001 3 of Home Depot stores in San Diego, California began selling 
residential solar power system. It expands to 61 stores nationwide a 
year later 
 A new world record, at more than 30 m high made by NASA’s solar-
powered aircraft named Helios 
 NASDA announced to develop satellite based solar power system that 
would beam energy to earth 
 Holographic films were developed by TerraSun LLC to concentrate 
selective, only sunlight needed for power production onto a solar cell. 
 The world’s largest hybrid system (wind and solar) was developed by 
PowerLight Corporation in Hawaii. It is a grid-connected system. Solar 
energy capacity = 175kW. Wind energy capacity = 50kW 
 A service station that features a solar-electric canopy announced to be 
opened by British Petroleum (BP) and BP Solar in Indianapolis 
2002 Pathfinder Plus, a solar-powered, remote-controlled aircraft were 
successfully tested by NASA for high altitude platform for 
telecommunications technologies and aerial imaging system for coffee 
growers  
 The largest rail yard in the U.S. was installed with 350 blue signal rail 
yard lanterns, using solar cells to power the LED light by Union Pacific 
Railroad at its North Platt, Nebraska, rail yard. 
 
Over the past hundreds of years, fossil fuel is the major source of energy, 
because of the cheaper price and the more convenience of it than any other energy 
sources. Pollution has also been of little concern before. Oil demand increased rapidly 
because of increasing production of low cost oil from the Middle East and North Africa 
during the 1950s and 1960s. However, after the Egyptian army stormed across the Suez 
Canal on October 12, 1973, the economics of fuel changed. An international crisis was 
created. Six Gulf members of the Organization of Petroleum Exporting Countries 
(OPEC) met in Kuwait and announced that they were raising the price of crude oil by 
70% and will not consult any more prices with the oil companies (Kalogirou 2009). 
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World oil reserves are proven to be 1200 billion barrels in 2005 and natural gas 
at 180 trillion m
3 
in 2004. Current production rate is 80 million barrels per day for oil 
and 7.36 billion m
3
 daily for natural gas, which can only last for only another 41 to 67 
years respectively (Goswami 2007). On the other hand, reserves for coal can last for at 
least the next 230 years. This will result in acceleration of fuels price as the reserves 
decreased continuously. Also, concerns about the pollution caused by burning of fuels 
are growing nowadays. 
 
2.2 The Sun 
 
The sun is a hot sphere gaseous matter with a diameter of 1.39 x 10
9 
m. The 
distance from the sun to the earth is about 1.5 x 10
8
 km. After leaving the sun thermal 
radiation travels with the speed of 300,000 km/s and reach the earth in 8 min and 20 s. 
The sun disk forms an angle of 32 min of a degree as observed from the earth. Surface 
temperature of the sun is 5760 K and continuously turns hydrogen into helium through 
fusion reaction. Total energy output of the sun is 3.8 x 10
20
 MW and equal to 63 
MW/m
2
. This energy radiates in all directions and only a fraction of about 1.7 x 10
14 
kW 
reach the earth. However, this small fraction of energy in 84 min can meet the need of 
the world energy demand for a year (Kalogirou 2009). 
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Figure 2.1: The distance between the sun and the earth 
The path of the sun as seen from the earth varies throughout the year. Knowing 
the sun path is important to determine the solar radiation falling on a surface so that 
proper orientation and placement of solar collectors can be made to avoid shading 
(Kalogirou 2009). 
 
2.2.1 Solar Time 
 
The earth’s orbital velocity around the sun throughout the year varies. So, the 
solar time is not the same as the uniform rate of time on a clock. The variation is called 
the equation of time (ET). The length of a day is the time for the earth to complete one 
revolution about its axis and it is not uniform throughout the year. The average length of 
a day can be taken as 24 hours. The length of a day varies due to the elliptical orbit and 
the tilt of the earth’s axis from the normal plane of its orbit. The earth is closer to the 
sun on January and furthest on July. The earth’s orbiting speed is faster from about 
October to March and slower from April through September. 
 
 
Diameter = 1.39 x 10
9 
m 
Diameter = 1.27 x 10
7 
m 
Earth 
Angle = 32’ 
Distance = 1.496 x 10
11
 m 
Sun 
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2.2.2 Apparent Solar Time 
 
Standard clock time is taken from the Greenwich. Greenwich is at longitude of 
0°. Sun takes 4 min to transverse 1° of a longitude. Clock time will be added if the 
location is east and subtracted if it is west of the Greenwich.  
2.3 Solar Angle 
 
One rotation of the earth about its axis takes 24h and one revolution around the 
sun is about 365.25 days. The revolution follows an ellipse. The shortest distance from 
the sun is around January and it is called perihelion and longest at July is aphelion. The 
longest distance is 152.1 x 10
6
 km and the shortest is 147.1 x 10
6 
km. The earth rotation 
about its axis is tilted at an angle of 23.45° to the plane of elliptic. The sun position 
observed from the earth can be calculated by solar altitude (α) and solar azimuth (z) 
with calculated value of solar declination angle (δ) and solar hour angle (h) first 
(Kalogirou 2009). The declination angle (δ) for any day in a year (N) can be calculated 
by ASHRAE (2007). The hour angle can be obtained by using apparent solar time 
(AST). Solar zenith angle, (Φ) is the angle between the sun’s rays and the vertical. The 
solar altitude angle is the angle between the sun’s rays and a horizontal plane. The solar 
incidence angle (θ) is the angle between the sun’s rays and a surface. Surface azimuth 
angle, equals to 0° for south facing tilted surface in the Northern Hemisphere and equals 
to 180° for north facing Southern Hemisphere.  
For solar energy system design, possibility of the shading of solar collectors 
needs to be estimated. Mathematical model or graphical method can be used to 
determine the shading. The objective is to determine the suitability of a position 
suggested for the collectors.  Collectors are usually installed facing true south 
(Kalogirou 2009). 
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2.4 Solar Energy Resources in Malaysia 
 
Geographically Malaysia is situated at the equatorial region with an average 
solar radiation of 400 – 600 MJ/m2 per month (Mekhilef et al. 2012b). The annual 
average solar radiation in Malaysia is portrayed in Figure 2.2 and Table 2.2. Malaysia 
lies on the South China Sea between 1° and 7° in North latitude and 100° and 120° in 
East longitude (Nugroho 2010). Twice a year, the monsoon winds occur. Between 
November and March, Northeast monsoon occurs where the wind blow from central 
Asia to South China Sea through Malaysia to Australia. Between May and September, 
the Southwest monsoon occurs when the wind blows from Australia to the Strait of 
Malacca. Rainfall in West Malaysia is measured as 2500 mm per year and East 
Malaysia is approximated of 5080 mm per year with the load mainly on October to 
February (Nugroho 2010). 
 
Figure 2.2: Annual average solar radiation (MJ/m
2
/day) (Mekhilef et al. 2012b)  
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Table 2.2: Solar radiation in Malaysia (average value throughout the year) 
(Mekhilef et al. 2012a) 
Irradiance Yearly average value (kWh/m2) 
Kuching  1470 
Bandar Baru Bangi  1487 
Kuala Lumpur  1571 
Petaling Jaya  1571 
Seremban  1572 
Kuantan  1601 
Johor Bahru  1625 
Senai  1629 
Kota Baru  1705 
Kuala Terengganu  1714 
Ipoh  1739 
Taiping  1768 
George Town  1785 
Bayan Lepas  1809 
Kota Kinabalu  1900 
 
2.5 Solar Collectors 
 
Solar collector is the major component, most important part of a solar energy 
system (Kalogirou 2009). Solar collector is a device to absorb solar radiation and heat 
the fluid that flows through the collector. The heat can be used directly or be stored for 
night time or on cloudy days. Solar collectors are classified into low temperature, 
medium temperature and high temperature heat exchangers. Mainly, there are three 
types of collectors which are flat plate, evacuated tube, and concentrating (Foster et al. 
2009). Kalogirou (2009), divide solar collectors into non-concentrating or stationary and 
24 
 
concentrating. Table 2.3 shows a list of collectors available (Kalogirou 2004b). Images 
of other types of solar collectors can be found in Appendix A. 
 
Table 2.3: Solar Energy Collectors 
Motion Collector type Absorber type Concentration 
ratio 
Indicative 
temperature 
range (°C) 
Stationary 
 
 
 
 
Flat-plate 
collector (FPC) 
Flat 1 30-80 
Evacuated tube 
collector 
(ETC) 
Flat 1 50-200 
Compound 
parabolic 
collector 
(CPC) 
Tubular 1-5 60-240 
Single-axis 
tracking 
 
Linear Fresnel 
reflector (LFR) 
Tubular 10-40 60-250 
Cylindrical 
trough 
collector 
(CTC) 
Tubular 15-50 60-300 
Parabolic 
trough 
collector 
Tubular 10-85 60-400 
Two-axis 
tracking 
Parabolic dish 
reflector 
(PDR) 
Point 600-2000 100-1500 
Heliostat field 
collector 
(HFC) 
Point 300-1500 150-2000 
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2.5.1 Flat-Plate Collectors 
 
  This study focus is on the application of nanofluids in flat-plate solar collector. 
A flat-plate solar collector is shown in figure 2.3. Solar radiation will pass through the 
transparent cover and will be absorbed by the absorber plate and be transported to the 
fluid in the tube and carried for use. The transparent cover purpose is to reduce 
convection losses from the plate and radiation losses from the collector. Flat-plate 
collector is cheap, fixed, without sun tracking, and oriented directly toward the equator 
which is facing south in the Northern Hemisphere and facing north in the Southern 
Hemisphere. In Malaysia, the optimum tilt angle should be around 10° to 15° 
(Kalogirou 2009).   
 
 The performance of a flat plate solar collector can be influenced by several 
factors such as material, shape, coating of absorber plate, type of glazes, number of 
tubes, distance between tubes, and collector’s insulation material. The collector’s 
performance can also be affected by operating condition such as flow rate, ambient 
temperature, wind speed and solar radiation. Lots of researches focus on these 
parameters for improving flat plate solar collectors.    
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Figure 2.3: Flat Plate Collectors 
 
 During the early development of flat-plate collectors, Hottel and Woertz (1942) 
were the pioneered in the analysis of flat-plate solar thermal collectors. The 
fundamental quantitative relations among basic parameters including flow rate, inlet and 
ambient temperature, wind speed and solar radiation were established from their 
experimental and theoretical work. All those parameters are very crucial in the 
performance of a flat-plate collector. The importance of economic balance in 
comparison with the performance of flat-plate collectors were also stressed by them.  
 A mathematical model for efficiency factors that are applicable to flat-plate solar 
collectors was derived by Bliss Jr (1959). The appropriate use of the efficiency factors 
suggested could eliminate the empiricism and lead to a more accurate design of the solar 
collectors. The efficiency factors include the collector efficiency factor, F’, which is the 
ratio of the actual useful heat collection rate to the theoretical useful heat collection rate 
with collectors overall surface at average fluid temperature and another factor is FR, 
Fluid 
tube 
Absorber 
plate 
Glazing transparent 
cover 
Thermal 
insulation 
Water proof 
casing 
Insulation 
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which is the ratio of the actual useful heat collection rate to the theoretical useful heat 
collection rate with collectors overall surface at inlet fluid temperature.  
 Liu and Jordan (1963) argued that in designing a flat-plate solar collector, the 
average long term performance is more important than the instantaneous rate of energy 
collection. A simple procedure was reported to predict the long-term performance of a 
flat-plate collector at any tilt angle and at any location. The proposed method can 
simplified the calculation of collector’s performance without undergoing a detailed 
analysis. Only two parameters are needed for the proposed method which is the monthly 
average clearness index and the difference between inlet water temperature to the 
collector and ambient air temperature.  
 San Martin and Fjeld (1975) performed an experimental investigation to 
compare the performance on three different configurations of flat-plate solar collector. 
The three different configurations include a double glaze ordinary tube-in-sheet flat-
plate collector, a water trickle sandwich construction with a corrugated aluminium sheet 
on top and a thermal trap flat-plate collector. In the result, they found out that thermal 
trap flat-plate collectors can achieve higher temperatures and was twice more efficient 
than the sandwich-construction collector. However, the thermal trap materials must be 
highly transparent to the short wavelength radiation but poorly transparent to the long 
wavelength radiation. They also indicated that compared to the other two collector 
configurations, the thermal trap collectors operates longer with higher solar thermal 
collection rate. Kenna (1983) later performed a specific study on thermal traps solar 
collectors by applying acrylic materials. However, using acrylic will add cost to the 
system and have temperature limitations. Therefore, it is preferred to add cover to the 
system and reduce the trap thickness.  
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 Siebers and Viskanta (1977) did a comparison of predicted performance of flat-
plate collectors of constant outlet temperature with variable mass flow rate and flat-plate 
collectors of constant mass flow rate. They indicate that a flat-plate solar collector 
operating at constant outlet temperature is better economically. They also added that the 
additional cost for the collector’s control system could be compensated by the 
advantages that it have. The efficiency of the proposed constant outlet temperature 
collector is higher at noon and lower at other time compared to the conventional 
constant mass flow rate collector but in the overall efficiency of both systems, there is 
no significant difference.   
 Cooper (1981) studied the effect of inclination angle on the heat loss from flat-
plate solar collectors. The top heat loss coefficient of flat-plate collectors are generally 
caused by wind speed, plate and ambient temperatures, plate emittance, inclination 
angle and the sky temperature. In the result, he showed that for solar collector 
inclination angle below 60°, the plate and ambient temperatures will not affected the top 
heat loss coefficient. 
 Chiou (1982) analyse the effect of nonuniform fluid flow distribution on the 
thermal performance of a flat-plate solar collector. A numerical method was developed 
to determine the variation of the performance of a collector influenced by non-uniform 
distribution of the flow and the results showed that the deterioration of efficiency could 
be up to more than 20%. He concluded that when designing or analysing a flat-plate 
solar collector, the non-uniformity of the flow should not be overlooked. 
 Hahne (1985) investigated the various parameter effects on design and 
performance of flat plate solar collectors. The various parameters under steady and 
transient conditions were numerically investigated for the efficiency and warm-up time 
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of flat-plate collectors. He concluded that any simple method is sufficient in providing 
reasonable design of the collector for suitable weather conditions such as high values of 
ambient temperature and solar radiation. However, a more sophisticated design method 
is required including accounting for the inclination angle and pipe spacing for 
unfavourable weather condition.  
 Hollands and Lightstone (1989) perform study to investigate the influence of 
flow rate on the thermal performance of solar collector. The result showed that the low 
flow rate system have 17% higher delivered solar energy than the high flow rate. They 
also indicated that the low flow rate system is more cost effective and 38% 
improvement in performance was achieved by using the low flow rates collector 
incorporated with a stratified tank compared to a high flow rate collector with fully 
mixed tank. 
 Studies on laminar flow distribution of working fluid inside solar collectors had 
been made by a number of researchers. Kikas (1995) studied analytically the 
distribution of laminar flow of water in solar collector with two equal sized manifolds 
and pointed out that the efficiency of the collector can be improved with uniform flow 
through parallel tubes. He also found that in reverse return circuit where the flow enters 
from one side of the collector and exits from the opposite side, the flow in the system is 
more uniform. Weitbrecht et al. (2002) tested the theoretical studies by Kikas (1995) by 
conducting experiment to explore laminar flow distribution in solar collector. The effect 
of various parameters including pressure drop and energy loss caused by friction on the 
flow distribution were also being measured.  
 Groenhout et al. (2002) experimentally studied the heat loss characteristics of a 
flat-plate collector heating system design with double-side flat absorber plate, covered 
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with a low iron antireflective glaze. This set up showed a significant reduction of 
conductive and radiative heat loss indicating overall measured heat loss is about 30-70% 
less than conventional system. Chen et al. (2012) studied the effect of the volume flow 
rate on the efficiency of a solar collector and found out that if the volume flow rate of 
solar collector fluid is increasing, the efficiency, the start efficiency and the incidence 
angle modifier are increasing and the heat loss coefficient is decreasing. Roberts and 
Forbes (2012) did an analytical study of the influence of absorber plate absorptance and 
emittance for the instantaneous efficiency of a flat plate solar collector and showed that 
changing parameters such as reducing heat loss coefficients could give direct impact on 
the efficiency. The absorptance must be kept as high as possible for hot water heaters. 
Excessive heat loss from the base or inadequate shielding of the cover plate from wind 
causing high forced convection losses are also found out to be the main reason for poor 
efficiency of flat-plate solar collectors.  
 Application of nanofluids in solar collectors has been made in the past few years 
by numerous researchers. An experimental investigation conducted by (Yousefi et al. 
2012c) on the effect of Al2O3 based nanofluid showed an efficiency increase of 28.3% 
of flat-plate solar collectors. (Lenert and Wang 2012) presented a model and performed 
an experimental study of concentrated solar power application using carbon-coated 
cobalt (C-Co) nanoparticles and Therminol VP-1 base fluid. They concluded that the 
efficiency was more than 35% with nanofluid and the efficiency would increase with 
increasing nanofluid height. (Lu et al. 2011) showed that the application of Copper 
Oxide (CuO) nanoparticles in evacuated tube solar collectors would significantly 
enhance the thermal performance of evaporator and evaporating heat transfer coefficient 
increased by 30% compared to water as working fluid. 5% improvement in the 
efficiency was found out by (Otanicar et al. 2010)  using variety of nanoparticles with 
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water as base fluid for micro-solar-thermal collector. (Shin and Banerjee 2011) applied 
novel nanomaterials in molten salts base fluid to  concentrated solar power coupled with 
thermal storage and experienced an enhancement in operational efficiencies. (Taylor et 
al. 2011) used graphite base nanofluids in high flux solar collectors that resulted in 10% 
increase in the efficiency. Zamzamian et al. (2014) performed an experimental study to 
investigate the effect of Cu nanoparticle on the efficiency of a flat-plate solar collector 
in different volume flow rates and weight fractions of the nanoparticles and found that 
the optimum point for solar collector efficiency can be reach up to 0.3 wt% Cu 
nanofluid at 1.5 L/min. 
2.5.2 Other types of solar collectors 
 
2.5.2.1 Evacuated tube collector (ETC) 
 
Evacuated tube collectors consist of a heat pipe inside a vacuum-sealed tube. 
The vacuum will reduce convection and conduction heat loss. The efficiency is higher 
than flat-plate collectors but the cost is relatively expensive (Kalogirou 2009). 
 
 
Figure 2.4: Glass evacuated tube solar collector with U-tube. (a) Illustration of the 
glass evacuated tube and (b) cross section (Ma et al. 2010) 
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2.5.2.2 Linear Fresnel reflector (LFR) 
 
 A linear Fresnel Reflector collector is made from an array of linear mirror strips 
that concentrate light onto a linear receiver.  
 
Figure 2.5: Linear Fresnel reflectors (Larsen et al. 2012)  
2.5.2.3 Parabolic trough collector 
 Parabolic trough collectors parabolic shape reflector is made by bending a sheet 
of reflective materials where a black metal tube that is covered with a glass tube to 
reduce losses is used as the receiver. The system consists of low cost, light structure; 
single axis tracking and can effectively obtained heat up to 400°C (Kalogirou 2009). 
 
Figure 2.6: Parabolic trough collectors (Reddy et al. 2012)  
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2.5.2.4 Parabolic dish reflector (PDR) 
 
 A parabolic dish reflector will concentrate solar energy at focal point receiver 
and tracks the sun in two axes. Parabolic dish reflector can be used for electricity 
generation using parabolic dish engine system with temperature generated can be more 
than 1500°C. Advantages of parabolic dishes are (Laquil et al. 1993): 
 The most efficient collectors because it always pointing at the sun 
 Highly efficient at thermal energy absorption and power generation because 
of very high concentration ratios of 600 to 2000 
 Can function either independently or as part of a larger system 
 
Figure 2.7: Parabolic dish reflectors (Wang et al. 2010)  
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2.5.2.5 Heliostat field collector (HFC) 
 
 Heliostat collector use slightly concave segment, multiple flat mirrors that direct 
large amount of heat energy into the cavity of a steam generator to produce electricity. 
They have single receiver, with concentration ratios of 300 to 1500, can store thermal 
energy and quite large in size generally more than 10 MW (Laquil et al. 1993). Energy 
collected by the system will be converted to electricity using a steam turbine generator 
that is similar with the conventional fossil-fuelled thermal power plants (Romero et al. 
2002). 
 
Figure 2.8: Heliostat field collectors (Kalogirou 2004b) 
 
2.6 Heat transfer in flat-plate solar collectors 
 
 The major drawback of the flat-plate solar collectors is high heat losses from the 
absorber plate to surroundings and reducing the useful energy gain of the system. The 
enhancement of heat transfer rate in solar collectors could improve the overall 
performance of the heating system. Enhancement of heat transfer rate can be achieved 
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by increasing the heat transfer coefficient by disrupting boundary layer, increasing the 
Reynolds number or increasing the temperature gradient.   
 In the effort of raising the efficiency of solar collector, the values of the 
convective and radiative heat transfer coefficients are often of interest to many 
researchers. For a flat-plate solar collector, solar radiation incident on the aperture of a 
solar collector is transmitted through the glass covers to the absorber plate. The glass 
covers will absorb a fraction of the solar radiation. Absorption of solar radiation in a 
glass cover will increase its temperature and consequently affected the values of heat 
transfer coefficients. Nagar et al. (1984) has presented an experimental method to obtain 
the emittance of a selective coating by calculating the top heat loss coefficient, Ut using 
an empirical relation. They theoretically analyzed variation of stagnation temperature of 
various coatings kept in an insulated one glass cover box and shown that it is possible to 
make an approximate estimate of thermal emittance of the coating of known 
absorptance from the knowledge of parameters such as stagnation temperature, ambient 
temperature and solar radiation.  Similar work had been done by Francey and 
Paraioannou (1985). They experimentally measured the heat loss from a flat-plate solar 
collector over a range of inlet temperatures, tilt angles and wind velocities while 
operating in a wind tunnel and obtained the wind heat transfer coefficient, hw by 
calculating it from Ut using an empirical relation for Ut. However, large errors were 
figured out later by Mullick and Samdarshi (1988) for using the empirical relation of Ut  
for heat transfer coefficient. Similar findings were also reported by Samdarshi and 
Mullick (1991). They developed a more accurate analytical equation for the top heat 
loss factor of a flat-plate collector with double glazing and argued that the maximum 
computational errors resulting from the use of their equation are plus or minus three 
percent compared to numerical solution of the heat balance equations. Akhtar and 
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Mullick (2007) agreed with their statement. They analyze a wide range of variables and 
compared the results with those obtained by numerical solutions of heat-balance 
equations and found that the values of top heat loss coefficient, Ut computed are very 
close to those obtained by numerical solutions of heat-balance equations with maximum 
absolute error is only around 1.0% indicating that numerical solutions of heat-balance 
equations for the computation of Ut are not required. 
 
2.7 Nanofluid 
 
 The interest in nanoparticles research is increasing due to its unique properties 
such as increased electrical and thermal conductivity. This section discusses about some 
researches that had been done for various nanoparticles in the area of solar thermal 
collectors.  
 
2.7.1 Multi-Walled Carbon Nanotubes (MWCNT) 
 
Figure 2.9: TEM image of MWCNT (Yousefi et al. (2012b) 
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 A carbon nanotube is a family of nanomaterials made up of only carbon. Multi-
walled carbon nanotubes (MWCNTs) are structurally having multiple layer of graphite 
forming a tubular shape. Carbon nanotubes have very high properties and very close to 
theoretical limits. Three exceptional qualities in the properties of MWCNTs includes the 
electrical conductivity that is as conductive as copper, the mechanical strength that is 
stronger and lighter than steel and the thermal conductivity that is more than five times 
that of copper.  In an experimental investigation, Yousefi et al. (2012b) applied 
MWCNT water based nanofluid in a flat-plate solar collector. From the test results it 
was concluded that the efficiency for nanofluid is higher than water and the efficiency 
0.4 wt% nanoparticles in the nanofluid is greater than 0.2 wt%. Yousefi et al. (2012a) 
also experimentally investigate the effect of pH values of MWCNT nanofluid and 
shown that changing the pH values with respect to the pH of isoelectric point will 
increase the efficiency of the system. Natarajan and Sathish (2009a) had tested 
MWCNT nanofluid in solar water heater. According to the results, the thermal 
conductivity was increased by 41% by using the volume fraction of 1% MWCNT 
nanofluid. Viscosity and thermal conductivity of MWCNT nanofluid prepared by using 
gum Arabic as dispersant were measured experimentally by Indhuja et al. (2013) in the 
effort of finding better ways of making a stable nanofluid solution. In the experiment, 
the temperature had been varied between 28 - 60°C and nanofluid concentration of 0.14 
– 0.24 vol% had been used to measure the viscosity and effective thermal conductivity. 
It has been concluded that increasing temperature will increase the thermal conductivity 
ratios and relative viscosities especially at temperature above 45°C potentially because 
of the role of Brownian motion. 
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2.7.2 Silicon Dioxide (SiO2) 
 
 Silicon dioxide or also known as silica is one of the most abundant materials on 
earth. Azmi et al. (2013) experimentally investigated the heat transfer coefficients and 
friction factor of SiO2 nanofluid up to 4% volume fraction in a circular tube under 
constant heat flux boundary condition by varying Reynolds number of 5000 to 27,000 at 
30°C. It had been concluded that the heat transfer coefficient increased by increasing 
nanoparticles concentration up to 3% but decreased thereafter. Chen et al. (2013) tried 
new water-based SiO2 functionalized nanofluid in a loop thermosyphon as the working 
fluid and found out that functionalized nanofluid, even with unique dispersing ability, 
making the evaporating heat transfer coefficient and the maximum heat flux of the loop 
thyermosyphon became worse. It had been concluded that the deterioration in heat 
transfer might be because of the changes in the thermal properties of functionalized 
nanofluid. Experimental result from Fazeli et al. (2012) showed that dispersing SiO2 
nanoparticles in water in a miniature heat sink significantly increased the overall heat 
transfer coefficient and decreasing of thermal resistance of heat sink up to 10%.  
 
2.7.3 Titanium Dioxide (TiO2) 
 
 Titanium dioxide is also known as titania and is widely applied as white pigment 
in paints, coatings, plastics, papers, inks, foods, medicines and toothpastes due to its 
very high refractive index. Fedele et al. (2012) measured the viscosity and thermal 
conductivity of TiO2 nanofluid at concentration of 1 wt%, 10 wt%, 20 wt% and 35 wt%. 
From their study, it was concluded that nanofluids exhibit a Newtonian rheological 
behavior and increasing mass concentration and temperature increased the thermal 
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conductivity. Abbasian Arani and Amani (2012) performed experimental investigation 
in a horizontal double tube counter-flow heat exchanger to study the effect of TiO2 
nanofluid volume fraction on the convective heat transfer characteristics and pressure 
drop. It had been concluded from their investigation that by increasing the Reynolds 
number of nanofluid volume fraction, the Nusselt number increases. Abbasian Arani 
and Amani (2013) also investigated the effect of diameter size of TiO2 nanoparticle on 
Nusselt number and pressure drop. The diameter of nanoparticles is in between 10 – 50 
nm size. It had been concluded that the 20nm particle size diameter for TiO2 has highest 
thermal performance than other diameter. Sajadi and Kazemi (2011) experimentally 
investigated the turbulent heat transfer of TiO2 nanofluid in circular pipe by using 
volume fraction of less than 0.25%. Their results showed that by adding small amount 
of nanoparticles to the base fluid remarkably increased the heat transfer but there was 
not much effect on heat transfer enhancement by increasing the volume fraction even 
more. Their findings also showed that pressure drop was slightly higher for nanofluid 
than base fluid.  
 
2.7.4 Copper (II) Oxide (CuO) 
 
 Copper (II) oxide is a brownish-black colored solid particle.  Pastoriza-Gallego 
et al. (2011) experimentally determined the viscosity of CuO nanofluid and found out 
that particle size of nanoparticle subtly influence the density of nanofluid but there are 
very large differences in viscosity. Naraki et al. (2013) experimentally measured overall 
heat transfer coefficient in the car radiator by using CuO nanofluid under laminar flow 
regime (100 ≤ Re ≤ 1000) and concluded that CuO nanofluid shown greater heat 
transfer performance compared to water.  
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2.7.5 Aluminum Oxide (Al2O3) 
 
 An aluminum oxide or alumina nanoparticle is spherical and commonly seen as 
white powder. Yousefi et al. (2012c) experimentally investigated the effect of using 
Al2O3 nanofluid in a flat-plate solar collector with varying weight fraction of 0.2% and 
0.4% and mass flow rate from 1 to 3 Lit/min. It was concluded that the efficiency of 0.2 
wt% nanofluid is higher than 0.4 wt% and heat transfer can also be enhanced by adding 
surfactant. Experimental investigation on the thermophysical properties of ethylene 
glycol/water mixture and water based Al2O3 nanofluids had been carried out by Said et 
al. (2013). Nanofluids were found out to increase the thermal conductivities with 
increasing concentration and increasing nanofluid temperature leads to exponential 
decrease of viscosity. Albadr et al. (2013) did an experimental study on the forced 
convective heat transfer and flow characteristics of Al2O3 nanofluid in a horizontal shell 
and tube counter flow heat exchanger under turbulent flow condition by using different 
volume concentrations (0.3 – 2%). The results indicates that using Al2O3 nanofluid 
increased the convective heat transfer coefficient and it increases with an increase in the 
mass flow rate and also with the increase of the volume concentration but it also leads to 
increase in the viscosity and friction factor in the nanofluid. Sokhansefat et al. (2014) 
did a numerical study of Al2O3/synthetic oil nanofluid for parabolic through collector 
tube investigating the effect of Al2O3 particle concentration and operational temperature 
on the rate of heat transfer from the absorber plate. In the results it was shown that the 
volumetric concentration of nanoparticles increases the convective heat transfer 
coefficient and increasing the absorber operational temperature leads to reduce in the 
heat transfer enhancement. Ghanbarpour et al. (2014) did an experiment and theoretical 
study on thermal properties and rheological behavior of Al2O3 nanofluid as a heat 
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transfer fluid. It was found that the thermal conductivity and viscosity of Al2O3 
nanofluid increases with increasing concentration.  
 
2.8 Efficiency enhancement of solar collector when using nanofluid 
 
Experimental investigation conducted by Yousefi et al. (2012c) on the effect of 
Al2O3 based nanofluid shown that the increase of 28.3% efficiency of flat-plate solar 
collectors. Lenert and Wang (2012) presented a modeling and experimental study of 
concentrated solar power application using carbon-coated cobalt (C-Co) nanoparticles 
and Therminol VP-1 base fluid and concluded that the efficiency is more than 35% with 
nanofluid and the efficiency will increase with increasing nanofluid height. Lu et al. 
(2011) shown that the application of Copper Oxide (CuO) nanoparticles in evacuated 
tubular solar collector will significantly enhance the thermal performance of evaporator 
and evaporating heat transfer coefficient increased by 30% compared to water as 
working fluid. 5% improvement in efficiency was found out by Otanicar et al. (2010) by 
using diversity of nanoparticles with water as base fluid for micro-solar-thermal 
collector. Shin and Banerjee (2011) applied novel nanomaterials in molten salts base 
fluid for concentrated solar power coupled with thermal storage and experienced an 
enhancement in operational efficiencies. They also concluded that the cost of electricity 
will be reduced. (Taylor et al. 2011) used graphite based nanofluid in high flux solar 
collectors resulting with 10% increase in efficiency. Zamzamian et al. (2014) performed 
an experimental study to investigate the effect of Cu nanoparticle on the efficiency of a 
flat-plate solar collector in different volume flow rates of the nanofluid from 0.016 to 
0.050 kg/s. The weight fractions of the nanoparticles tested in the study 0.2% and 0.3% 
and have average diameter of 10 nm. The Cu nanoparticles were suspended in ethylene 
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glycol as the solvent. From their study, it was found that the optimum point for solar 
collector efficiency can be reached for 0.3 wt% Cu nanofluid at 1.5 L/min. 
 
2.9 Nanofluid as sunlight absorber 
 
Black surface or fluid is commonly used as light absorber in any heating 
application. Sani et al. (2011) had conducted an experiment on black fluid direct 
sunlight absorber using single-wall carbon nanohorn (SWCNHs) nanoparticles and 
ethylene glycol base fluid. They concluded that energy absorption capability of 
SWCNH is more than conventional carbon black suspensions to absorb heat from 
sunlight with ethylene glycol as a better base fluid than water. Tyagi et al. (2009) 
theoretically studied the comparison of performance of non-concentrating direct 
absorption solar collector (DAC) to conventional flat-plate solar collector with 
aluminium nanoparticles with water based fluid and found out that the efficiency of 
DAC is 10% more than flat-plate collector. Han et al. (2011) concluded that the thermal 
conductivity of carbon black nanofluid increased with the increase of volume fraction of 
the nanoparticles after applying it to a solar absorption device.  
 
2.10 Properties of nanofluids 
 
The key thermo-physical properties of heat transfer fluids for thermal system 
include density, specific heat capacity, thermal conductivity and viscosity. Various 
researchers have published the properties of nanoparticles and thermal properties of 
nanofluids as the basis of research on nanofluids applications. Table 2.4 shows the 
published specific heat, thermal conductivity and density of different nanoparticles.  
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Table 2.4: Properties of different nanomaterial and base fluid (Kamyar et al. 
2012a; Namburu et al. 2007a) 
Material Specific heat, Cp 
(J/kg K) 
Thermal conductivity, k 
 (W/m K) 
Density, ρ  
(kg/m
3
) 
Alumina (Al2O3)  773 40 3960 
Copper oxide (CuO) 551 33 6000 
Titanium oxide (TiO2) 692 8.4 4230 
Silicon dioxide (SiO2) 765 36 2330 
Water (H2O), base fluid 4182 0.60 1000 
  
Improvement in thermal properties of nanofluids such as thermal conductivity 
and convective heat transfer that have been described in previous section had a few 
mechanism contributing to it as listed by Keblinski et al. (2002) such as Brownian 
motion, particle and liquid interface nanolayer and heat transfer in nanoparticles. 
However, all this special characteristics cannot be achieved unless the nanoparticles are 
properly dispersed and stable. Surfactants can play a major role in achieving better 
dispersion and stability of nanofluids (Ghadimi et al. 2011; Murshed et al. 2011). 
However, some researchers did not add any surfactants or dispersants in the fluid 
because the addition of it could influence the thermal conductivity of the fluid and can 
deteriorate the thermal conductivity enhancement (Trisaksri and Wongwises 2007).  
 
 
2.11 Thermal conductivity of nanofluids 
 
 To increase heat transfer of a fluid, thermal conductivity must be increased. 
Solid metals have higher thermal conductivity than fluids. Suspending metal particles in 
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fluid can increase the thermal conductivity and heat transfer performance of it. 
Experimental investigation on the thermal conductivity of nanofluids has been reported 
by many researchers. Measuring thermal conductivity of nanofluids had been done by 
using methods such as transient hot wire method, temperature oscillation and steady-
state parallel plate method. The most popular method used by most researchers was the 
transient hot wire technique. In this method, the temperature over time response to an 
abrupt electrical pulse of the wire was measured. The thermal conductivity was 
calculated from the temperature data and Fourier’s law. All the studies indicates that 
nanofluid have higher thermal conductivity than base fluids. Lee et al. (1999) shown 
that more than 20% enhancement of thermal conductivity achieved by using 4% volume 
fraction of CuO nanoparticles in ethylene glycol. Eastman et al. (2001) observed that up 
to 40% increase in thermal conductivity of ethylene glycol containing 0.3% volume 
fraction of Cu nanoparticles with mean diameter less than 10 nm compared to pure 
ethylene glycol. Xie et al. (2002) investigated experimentally the thermal conductivity 
of Al2O3 nanoparticles suspended in deionized water, ethylene glycol and pump oil and 
found out that small amount of Al2O3 in the solution have higher thermal conductivity 
than the base fluid and the enhancement increased by increasing the volume fraction of 
nanoparticles. Das et al. (2003) shown that 1% of volume concentration of CuO 
nanoparticles suspended in water have increased the thermal conductivity ratio from 
6.5% to 29%. Murshed et al. (2005) reported that the thermal conductivity of 
TiO2/water nanofluid increased remarkably with increasing volume fraction of 
nanoparticles. Mintsa et al. (2009) presented in his experimental data of Al2O3/water 
and CuO/water nanofluids that the effective thermal conductivity increased with 
increasing volume fraction, decreasing particle size and at higher temperatures. From all 
the reports in many publications it have been confirmed that adding nanoparticles in 
45 
 
fluid can increase the thermal conductivity of the base fluid and the enhancement in 
thermal conductivity of nanofluids influenced by some factors including temperature, 
size and volume concentration of nanoparticles. 
 
2.12 Convective heat transfer of nanofluids 
 
 The forced convective heat transfer of working fluids is a very important 
mechanism in solar collectors. Nanofluids, with enhanced thermal conductivity are very 
attractive in this area. By adding a very small amount of nanoparticles in a base fluid, 
the convective heat transfer are expected to be enhanced while making little or no 
undesired effect in pressure drop that had been the major problem for micro-sized 
particles before. Xuan and Li (2003a) investigated experimentally the convective heat 
transfer of Cu nanofluids in a 10mm straight tube and showed that heat transfer rate had 
been enhanced by using nanofluids and low concentration nanofluids friction bring no 
significant penalty in pumping power. Wen and Ding (2004) tested the convective heat 
transfer of Al2O3 nanofluids in a copper tube under laminar flow regime and found an 
enhancement in heat transfer is quite significant in the entrance region. They suggested 
that enhancement in thermal conductivity might not be the only reason for increase in 
convective heat transfer but particle migration that result in non-uniform distribution of 
thermal conductivity and viscosity that will then reducing the thickness of thermal 
boundary layer might be the caused as well. Similarly, Kim et al. (2009) tested the 
amorphous carbonic-water nanofluid that have almost the same thermal conductivity 
with water but managed to increase the convective heat transfer coefficient by 8% under 
laminar flow. Ding et al. (2007) experimentally investigated forced convective heat 
transfer is using aqueous and ethylene glycol-based spherical titania nanofluids, and 
aqueous-based titanate nanotubes, carbon nanotubes and nano-diamond nanofluids and 
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found out that all the tested nanofluids shown a higher effective thermal conductivity 
than the one predicted by theories. However, at low Reynolds numbers, the convective 
heat transfer for TiO2/ethylene glycol nanofluid and nano-diamond/water nanofluid was 
observed to be deteriorated due to the competing effects of particle migration on the 
thermal boundary layer thickness and the effective thermal conductivity might be the 
caused for it. Hwang et al. (2009) tested the convective heat transfer coefficient and 
pressure drop of Al2O3/water nanofluids and shown that the convective heat transfer 
coefficient for 0.3% nanofluid concentration increased by 8% compared to pure water. 
Duangthongsuk and Wongwises (2010) tested and presented the values for the heat 
transfer coefficient and friction factor of TiO2/water nanofluids in the turbulent flow 
condition and concluded that the heat transfer coefficient of nanofluids at 1% 
concentration has 26% greater than pure water whereas increasing the concentration to 
2% reduces the heat transfer coefficient to 14% lower than the base fluid under the same 
condition. At lower particle volume fraction, the pressure drop only incurred very 
slightly however, the pressure drop in nanofluids increased by increasing concentration 
due to increase in viscosity of the fluid. Fotukian and Nasr Esfahany (2010) 
experimentally investigated the turbulent convective heat transfer coefficient and 
pressure drop for a very low concentration of less than 0.24% CuO/water nanofluid in a 
circular tube and observed that the increase in heat transfer coefficient was to be on 
average of 25% with 20% reduction in pressure drop. Haghighi et al. (2014) 
investigated independently the turbulent convective heat transfer coefficients of 9 wt% 
Al2O3/water and TiO2/water nanofluids inside a circular tube. In the investigation, the 
heat transfer coefficients of nanofluids were compared with those of the base fluids at 
the same Reynolds number or at the same pumping power. The same Reynolds number 
requires higher flow rate of nanofluids therefore such comparison shows up to 15% 
47 
 
increase in heat transfer coefficient but at equal pumping power, the heat transfer 
coefficient of Al2O3 nanofluid was practically the same with water while was about 
10% lower for TiO2. It had been concluded that comparing performance at equal 
Reynolds number is clearly misleading since the heat transfer coefficient can always be 
increased by increased pumping power and so, the comparison between the fluids 
should be done at equal pumping power. 
 
2.13 Viscosity of nanofluid 
 
 Viscosity of nanofluids is a property as important as thermal conductivity for 
investigation of solar collector’s performance although less attention was given for 
viscosity than thermal conductivity over the past few years (Mahbubul et al. 2012). 
Adding nanoparticles additive in fluid will increase the viscosity of the fluid and lead to 
increase in pumping power required. Nguyen et al. (2007) have investigated 
experimentally the influence of both the temperature and the particle size on the 
dynamic viscosities Al2O3 and CuO nanofluids. Dynamic viscosities was measured 
using a ‘piston-type’ calibrated viscometer based on the Couette flow inside a 
cylindrical measurement chamber and the results shown that viscosity of nanofluid 
increases with increasing of particle volume concentrations but it decreases with the 
increase in temperature. Namburu et al. (2007b) presented an experimental investigation 
of rheological properties of nanofluid containing CuO nanoparticles. The nanofluids 
tested have volume percentage ranging from 0% to 6.12% in temperatures ranging from 
−35 °C to 50 °C to demonstrate their applicability in cold regions. The test results 
indicate that the viscosity increased with increasing concentration and exponentially 
decreased with temperature. Phuoc and Massoudi (2009) displayed experimental 
observations on the effects of the shear rates and particle volume fractions on the shear 
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stress and the viscosity of Fe2O3 nanofluids using Polyvinylpyrrolidone (PVP) or 
Polyethylene oxide (PEO) as a dispersant. At volume fractions beyond 0.02, a non-
Newtonian law exhibiting shear-thinning was observed indicating that shear viscosity 
depend on the shear rate and concentration of nanofluids. Other researchers, such as Lee 
et al. (2011) on SiC nanofluids for high temperature heat transfer applications, Aladag 
et al. (2012) on CNTs and Al2O3 nanofluids at low temperatures application and Elias et 
al. (2014) on the thermo-physical properties of Al2O3 nanofluids in car radiator 
application also indicated that nanofluid viscosity increases with increasing volume 
fraction.  
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Table 2.5: Summary of literature review 
Nano particle Solar thermal system Remark Reference 
Aluminium (Al) 
non concentrating DAC 
and flat plate 
direct absorption collector (DAC) has 10% higher efficiency than flat plate solar collector 
using aluminium nanoparticles nanofluid (Tyagi et al. 2009)  
Diversity of nanoparticles 
micro-solar-thermal 
collector  5% efficiency improvement (Otanicar 2009)  
Multi-walled carbon 
nanotubes (MWCNT) solar water heater thermal conductivity enhancement (Natarajan and Sathish 2009b)  
Single-wall carbon 
nanohorn (SWCNHs) 
black fluid direct sunlight 
absorber 
1) ethylene glycol is better based fluid than water 2) Energy absorption capability of 
SWCNH is more than carbon-black suspensions (Sani et al. 2011) et al.  
Graphite high flux solar collectors 10% increase in efficiency (Taylor et al. 2011)  
Novel nanomaterials 
concentrated solar power 
(CPS) with Thermal 
energy storage (TES) enhance operational efficiencies and reduced cost of electricity (Shin and Banerjee 2011) 
Carbon black solar absorption thermal conductivity increased with the increase of volume fraction of nanofluid (Han et al. 2011)  
Copper Oxide (CuO)  
evacuated tubular solar 
collector 
Enhanced thermal performance of evaporator and evaporating heat transfer coefficient by 
30% compared to water (Lu et al. 2011)  
Carbon coated cobalt (C-
Co) 
concentrated solar power 
(CPS) 
1) 35% increase in efficiency with nanofluid 2) efficiency increase with increasing nanofluid 
height  (Lenert and Wang 2012)  
Multi-walled carbon 
nanotubes (MWCNT) flat-plate solar collector efficiency increase by increasing or decreasing the pH value (Yousefi et al. 2012a) 
Multi-walled carbon 
nanotubes (MWCNT) flat-plate solar collector efficiency for 0.4 wt% nanoparticle is greater than 0.2 wt% (Yousefi et al. 2012b) 
Aluminium (III) Oxide 
(Al2O3) flat-plate solar collector efficiency increase by 28.3% with nanofluid (Yousefi et al. 2012c) 
Copper (Cu) flat-plate solar collector 
The optimum point for solar collector efficiency can be reached for 0.3 wt% Cu/EG 
nanofluid at 1.5 L/min (Zamzamian et al. 2014) 
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2.14 Summary of literature review 
 
 Works on application of nanofluids in solar collectors is shown in Table 2.5. 
Based on the literature review, it can be seen that solar thermal application is improving 
and can solve lot of energy and environmental problems. It has also been concluded 
from numerous studies that nanofluids can increase the efficiency of flat-plate solar 
thermal collector. However, there are some gaps that have not yet been addressed in the 
area of nanofluid flat-plate solar thermal collector such as the effect of nanofluid on the 
conduit walls of the collector. Only Alumina, Copper and MWCNT nanofluid have 
been tested in flat-plate solar thermal collector. Lot of other nanoparticles has not been 
tested yet. In the reported articles only temperature and improved thermal efficiency 
have been reported. Pressure drops and exergy analysis has not been covered. No work 
has been done on the potential of size reduction of flat-plate collector by using 
nanofluids that can lead to costs and energy savings to manufacturers of the solar 
collector. 
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CHAPTER 3: METHODOLOGY 
3.1 The thermodynamics performance of flat-plate solar thermal collector utilizing 
SiO2 nanofluid 
3.1.1 Efficiency Calculation of Nanofluids Flat-Plate Solar Collectors 
 This section explained the method used to calculate the efficiency of flat-plate 
solar thermal collectors by using nanofluids as working fluids. The study started by 
theoretical calculation and then followed by experimental method.  
3.1.1.1 Analytical approach 
 Before the experimental investigation were being conducted, calculations were 
made analytically to find out the theoretical value of energy and exergy efficiency of 
various types of metal oxides nanofluids including SiO2, Al2O3, TiO2 and CuO.  
3.1.1.1.1 First Law of Thermodynamics 
 First law of thermodynamics is about energy balance. It states that energy is a 
conservative property; which means that the energy entering into the system is equal to 
the energy leaving the system at steady-state. Overall amount of conserved energy is the 
same, although different forms of energy, for example thermal, mechanical, internal, 
potential, kinetic experience quantitative changes. Depending on this law, (for a 
stationary process observed through a control volume) an energy balance can be written 
as follows (Orsay Cedex 2010): 
 
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Where Q , P, ṁ, z, w and h are the passing thermal energy through the system 
boundaries, mechanical power crossing the system boundaries, entering / leaving mass 
flow rate to and from the system, system height from reference level, mass flow velocity 
(ṁ/ρA) and specific enthalpy measured at the system inlet and outlet respectively.  
In the application of solar thermal collector, possible heat gain (Qu) by absorbing 
medium is given by; 
 infoutfpu TTCmQ ,,                                                                                            (3.2)  
Where, Tf,in, Tf,out and Cp symbolize the fluid inlet temperature, outlet temperature and 
specific heat of the absorbing medium, respectively. Nanofluids have different value for 
specific heat and density depending on the type and amout of nanoparticles being 
suspended inside the solution. The heat capacity and density of nanofluid are calculated 
as follow (Xuan and Roetzel 2000; Zhou and Ni 2008b) 
   1,,, bfpnppnfp CCC                                                                                      (3.3) 
  npbfnf   1                                                                                              (3.4) 
Where, φ and ρ indicate the volume fraction of nanoparticles and density of absorbing 
medium. Another equation exists for possible heat gain (Qu) of a flat plate solar 
collector, and is known as Hottel–Whillier equation. Equation considers the heat losses 
between atmosphere and solar collector, as shown by (Struckmann 2008) 
  ainfRpu TTUSFAQ  ,1                                                                                   (3.5) 
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Where, Ta and (FR) represent ambient/atmospheric temperature and heat removal factor. 
FR is prescribed as, 

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                                                                          (3.6) 
Where, F´ stands for the collector efficiency factor. For a steady state condition, An 
energy balance equation on the absorber plate can be expressed as, (Sukhatme and 
Sukhatme 1996), 
 acppu TTAUSAQ  1                                                                                 (3.7) 
In eq. (3.4) - (3.6), Tc, S and Ap are the absorber plate temperature (average), absorbed 
irradiation flux by unit area of the absorber plate and absorber plate area, respectively. 
U1 is the overall loss. These parameters are assumed as a constant factor or a variable 
with little effect. The instantaneous collector efficiency relates the useful energy to the 
total radiation incident on the collector surface by Eq. (3.7) or (3.8). 
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                                                                             (3.9) 
The analysis is performed with considering the normal incidence condition, hence, the 
FR(τα), FR, and U1 are constant within the range of tested temperatures for the analytical 
analysis (Yousefi et al. 2011). 
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But, in fact, several forms of energy have several probabilities to originate possible 
work. Hence efficiency definition is only a comparison between quantities which are 
metrically homogeneous but not conceptually equivalent. 
 Another parameter is the optical properties of a fluid. The optical properties of a 
base fluid can be significantly altered by adding and suspending a small amount of 
nanoparticle in the fluid (Taylor et al. 2011). To analyse this, absorbed irradiation per 
unit area of solar collector absorber plate (S) in eq. (3.5) can be determined by,  
 TIS                                                                                                          (3.10) 
Where (τα) is known as optical efficiency (ηo) or product of transmittance – absorptance 
of the solar collector (Sukhatme and Sukhatme 1996). 
 
3.1.1.1.2 The Second Law of Thermodynamics 
 
 Second law of thermodynamics is used to overcome the drawbacks of the 1
st
 
law. It started by considering that real processes are not reversible and it will gain 
entropy through the processes. Some of the common irreversible processes are 
molecular diffusion, friction, hysteresis etc. According to clausius statement, second law 
can be written as (Orsay Cedex 2010),  
    

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 ..
                                                               (3.11) 
Where, s, T and σ represent entropy generation per unit mass, ambient temperature and 
overall entropy production due to irreversibility respectively. During first law analysis, 
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there is a term for work, but no consideration for irreversibility, besides, second law 
discusses irreversibility but avoids the term work. To gather more information, first law 
and second law are combined together. By combining equations (3.1) and (3.11), one 
can obtain the Gouy-Stodola equation (Sarhaddi et al. 2010): 
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 Exergy can be expressed as the obstruction of any work proportion to its dead 
state. There is no further work, when the environment becomes equilibrium with the 
system. At this state, the system is defined as dead state. Therefore for a control volume, 
eq. (3.11) may be rewritten in terms of exergy, as follows: 
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Where, exergy of work EP, exergy of heat Q available at temperature T, EQ and exergy 
of a mass flow, Eṁ are defined as follow; 
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 The irreversibility can then be quantified as the difference in exergy measured at 
the inlet and outlet sections of the control volume. The simplest exergy balance equation 
per unit interception area of a solar collector can be expressed in steady state as shown 
below (Suzuki 1988a): 
losssunog EEE
 
                                                                                               (3.14) 
Where, ηo symbolizes the optical efficiency, Ėg, Ėsun, and Ėloss represent exergy gain per 
collector interception area, exergy flow from the sun, exergy loss per collector 
interception area, respectively and the exergy loss due to the fluid pressure drop is 
assumed to be negligibly small. Eq. (3.13) can also be written as (Jafarkazemi and 
Ahmadifard 2012), 
   destoutin EEE                                                                                      (3.15) 
Where Ėin, Ėout and Ėdest are the inlet, outlet and destructed exergy rate, respectively. 
The exergy collection rate in steady state is exergy gained by heat transfer fluid while 
the fluid temperature increases from Tf, in at the inlet to Tf, out at the outlet. The 
expression of the exergy collection rate, assuming that the fluid is incompressible, can 
be obtained by using of the following equation without considering mechanical exergy, 
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 There are two important points that should be noted in considering the exergy 
available ratio for solar radiation. One is that the solar flux radiating on earth can be 
assumed as always being in a steady state but never in equilibrium state. The other is 
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that the radiation of the sun is a kind of an open system which means banishment of 
photons cannot be recovered unlike equilibrium closed system. From these facts the 
Carnot's expression of (1 - Ta/Ts) is appropriate for the solar radiation exergy which has 
the same form as Jeter's result (Jeter and Stephens 2012). From the above mentioned, 
the exergy flux from the sun is defined here as:  

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IE 1
                                                                                             (3.17) 
Where, Ta and Ts stand for ambient temperature and apparent sun temperature, 
respectively. The heat transfer process from the sun to the collector’s working fluid 
consists of two main parts, absorbing the solar radiation by absorber plate and heat 
transfer from absorber plate to working fluid. The exergy destructions occur during 
these two processes including flowing parts (Suzuki 1988a):  
1. Absorption exergy loss (radiation → plate): an exergy annihilation process when 
the solar radiation at Ts, is absorbed by the absorber at Tc. 
2. Leakage exergy loss (plate → ambient): an exergy loss process accompanied 
with heat leakage from the absorber out into its surroundings. 
3. Conduction exergy loss (plate → fluid): an exergy annihilation process caused 
by heat conduction between the absorber and the heat transfer fluid. 
 The above three kinds of exergy loss processes are closely related with the 
corresponding entropy generation rates through Gouy-Stodola's theorem (Bejan and 
Kestin 1983). These three entropy generation rates can be stated from the 
thermodynamically considerations as follows: 
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Where, k is heat conductivity between the absorber and the fluid, although equations 
(3.18)-(3.20) cannot be integrated unless a distribution of the local absorber temperature 
(T1) and the heat transfer coefficient are known, these equations still can be 
approximated by using of the mean absorber temperature as follows: 
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 In equation (3.23), the first term on the right-hand side is an entropy flow 
received by the fluid from the absorber and the second term represents entropy of the 
collected energy as it has been in the absorber. The difference of both terms becomes 
the entropy generation rate while heat transfers from the absorber to the fluid. The 
exergy loss term in equation (3.13) can be seen from equations (3.20) - (3.23) using 
Gouy-Stodola's theorem as, 
)( pfparpaloss sssTE                                                                               (3.24) 
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 Hence, the exergy-balance-equation of a solar collector in steady state can be 
derived by substituting equations (3.18), (3.19), and (3.24) into equation (3.13). After a 
few arrangements, it becomes: 
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 By rearranging this equation, the following energy-balance equation of a solar 
collector can be easily obtained: 
)()( 1,, acToinfoutfp TTUITTCm                                                                   (3.26) 
The exergetic efficiency is defined here and is expressed using equation (3.25) as 
follows: 
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 All terms in brackets in equations (3.27) and (3.28) represent exergy losses and 
their physical meanings are given as follows: 
1. eopt: optical loss fraction of the absorbed solar radiation due to transmissivity of 
glazing and absorptance of the absorber. 
2. erp: a loss fraction when the solar radiation at Ts is absorbed by the absorber at 
Tc. (The high quality energy is degraded by absorption at low temperature.) 
3. epa: a fraction of the exergy leakage from the absorber to the surroundings.  
4. epf: Heat-conduction loss fraction accompanied with the heat transfer from the 
absorber to the fluid. 
 Two of the above loss fractions, eopt and epa correspond to the terms (1 - ɳo) and 
Ul(Tc - Ta)/IT in well-known expression of energetic efficiency; the other two fractions 
have no corresponding term in the energetic analysis because they are not considered as 
loss processes. It should be noted here that the term given for heat-conduction loss epf is 
closely related with the collector efficiency factor. Considering the correlations of 
temperature distribution in the collector, the following correlation can be obtained 
(Duffie and Beckman 2006): 
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 Here also, using the above equation, the component of outlet fluid temperature is 
omitted from Eq. (3.27) and the correlation of collector exergy efficiency is rearranged 
into the following form (Jafarkazemi and Ahmadifard 2012): 
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(3.30) 
Various components of this correlation can be calculated based on the descriptions in 
the previous section. 
3.1.2 Experimental Investigation of Nanofluids Flat-Plate Solar Collectors  
 This section explains the experimental procedure of testing SiO2 nanofluid as 
working fluid in a flat-plate solar collector. After that, method of analyzing data 
obtained from the experiment is also included in this section. 
3.1.2.1 Preparation and characterization of SiO2 nanofluids 
 Stability of nanofluids for long term is the major issue for the engineering 
applications (Liu and Liao 2008). Nanoparticles in the base fluid naturally will 
aggregate and sediment. In theory, there are existence of both attractive and repulsive 
forces between particles (Ise and Sogami 2005). The attractive force is the van der 
Waals force and the repulsive force is the electrostatic repulsion when particles get too 
close together. If the repulsive force is stronger than the attractive force, nanoparticles 
in the base fluid can remain stable or otherwise it will aggregate and serious aggregation 
will lead to sedimentation. Adding surfactants to the nanofluid can enhance the 
electrostatic repulsion of nanoparticles. Surfactants such as sodium dodecyl benzene 
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sulfonate, sodium dodecyl sulfate or Triton X-100 had been tested and proven to 
stabilize nanofuid (Wang 2009).  However, the effect might be weakened when the 
Brownian motion of nanoparticles is too strong or when the nanofluid is heated. 
Another way to stabilize nanofluid is by changing the pH value of the solution (Yousefi 
et al. 2012a). The pH of isoelectric point for nanoparticles carries no electrical charge 
and therefore causes no interparticle repulsion force which in turn causing more 
aggregated solution. The more differences between the pH of nanofluid and pH of 
isoelectric point may cause less aggregation and better dispersion. The pH of SiO2 in 
this study had been measured to be 6.5 by using Hanna Instruments microprocessor pH 
meter while the pH of isoelectric point for SiO2 is around 3 (Kosmulski 2001). A better 
way to stabilize nanofluid was proposed by Yang and Liu (2010) is to graft polymers on 
to the surface of nanoparticles and also known as surface functionalization. Silanes were 
grafted on silica nanoparticles making “Si-O-Si” covalent bonding and resulting in 
steric stabilization effect even when heated. Functionalized SiO2 nanoparticles have 
been reported to keep dispersing well after 12 months and no sedimentation was 
observed (Chen et al. 2013). 
 The SiO2 nanoparticles used in this experiments were obtained from US 
Research Nanomaterials, Inc with 15 nm in outer diameter, coated with 2wt% Silane, 
have a density of 2.4 g/cm
3
 and a PH value of 6 - 6.5. For this study, 3L of 0.2% and 
0.4% volume fraction of SiO2 nanofluid were prepared. The amount of nanoparticles 
needed for the solution was calculated first by using Eq. (3.31).  
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Where φn is the volume fraction of nanoparticles in nanofluid (%), mnis the mass of 
nanoparticle (kg), mw is the mass of water (kg), ρn is the density of nanoparticle (kg/m
3
) 
and ρw is the density of water (kg/m
3
). 
The nanofluids were prepared by using two-step method. It was prepared by 
dispersing nanoparticles into distilled water by using ultrasonicator and high pressure 
homogenizer (up to 2000 bar capacity) to obtain a homogenously dispersed solution. 
The microstructure and composition of the nanoparticles are characterized using field 
emission scanning electron microscopy (FESEM) (Model AURIGA, Zeiss, Germany). 
Nanoparticles are characterized before and after experiment with FESEM at 1 kV 
accelerating voltage. 50,000 times magnification is used to capture the images at the 
100 nm scale. Figure 3.1 shows the FESEM images of SiO2 nanoparticles mixed in 
distilled water. The FESEM images in Figure 3.2 indicate the sizes of SiO2 
nanoparticles. The picture of the prepared nanofluid is shown in Figure 3.3. As it is 
shown, the prepared nanofluid can still keep dispersing well after 6 months and no 
sedimentation was observed. 
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Figure 3.1: SEM images of SiO2 nanoparticle (a) before and (b) after the 
experiment 
(a) 
(b) 
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Figure 3.2: SEM images of (a) SiO2 nanoparticles (b) 0.2% SiO2 nanofluid and (c) 
0.4% SiO2 nanofluid 
(a) 
(b) 
(c) 
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Figure 3.3: Pictures of (a) 0.4% and (b) 0.2% nanofluid after 6 months
(a) (b) 
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The viscosity of prepared nanofluid was measured by using LVD-III ultra-
programmable rheometer (Brookfield, USA) with ±0.5% uncertainty. The viscosity of 
all samples was measured at the constant shear rate of 73.38s
-1
, while the ULA spindle 
rotating was 60 rpm. For the temperature variation, the refrigerated circulator bath 
(Model AD07R-40-12E, Polyscience, USA) with accuracy ±0.1°C was connected to the 
water jacket of ULA that was attached to the rheometer. The temperature of each 
sample was varied from 25 ˚С to 85 ˚С with 20 ˚С intervals to investigate the effect of 
temperature on the viscosity of nanofluid. Each experiment was repeated three times to 
get the more precise values. The mean value of the three data was considered for the 
analysis. 
3.1.2.2 Experimental procedure 
A schematic diagram of the experiment is shown in Figure 3.4. The solar 
collector experimental set up indicated in Figure 3.5 was constructed at the University 
of Malaya, Kuala Lumpur, Malaysia. The specifications of the flat-plate solar collector 
used in this study are given in Table 3.1. The tilt angle of this solar collector is 22
o
. Two 
electrical pumps were used in this system to pump the working fluid and water from the 
tank. The water from the tank is used to absorb the heat from the system cycle. A plate 
heat exchanger is used to transfer the heat from the working fluid of the solar thermal 
system cycle to the water inside the tank. The experiments were conducted by using 
different volume flow rates from 1 to 3 L/s for each type of the working fluids. A flow 
meter with a controlling valve was connected to control the mass flow rate of the 
working fluid. The tests have been carried out from 10 am to 3 pm.  Following the 
requirement of the ASHRAE (2010) standard, each test was performed in several days 
and the best experimental data were chosen. For steady-state efficiency tests, the mass 
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flow rate must be held within ±1%, solar radiation must be steady within ±50 W/m
2
, the 
variation of environment temperature must not more than ±1.5 K and the inlet 
temperature must be within ±0.1 K. Steady-state conditions must be maintained for data 
period length of 5 minutes and pre-data period of 15 minutes. Thermocouples were used 
in this experiment to measure the plate temperature, the fluid temperatures at the inlet 
and outlet of the solar collector and the environment temperature. A pressure transducer 
was used to measure the pressure difference from the inlet and outlet of the solar 
collector. All readings from the thermocouples and the pressure transducer were 
recorded in the data logger. Solar radiation was recorded by using a TES 1333R solar 
meter. The wind speed was measured by an anemometer. The entire measuring devices 
had been carefully calibrated before the experiment. 
Figure 3.4. A schematic diagram of the experiment. 
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Table 3.1. Solar collector’s specification. 
  
 
 
 
Specification Dimension 
Dimension  2000 mm x 1000 mm x 80 mm (LxWxH) 
Aperture area 1.84 m
2 
Weight 36 kg 
Cover material 4 mm tempered texture glass 
Heat transfer coefficient 4.398 W/(m
2•K) 
Absorber material 0.4 mm aluminum 
Header material Copper TP2 
Header tube size 22 mm x  0.6 mm (Φxt), 2 pcs 
Riser tube material Copper TP2 
Riser tube size 10 mm x  0.45 mm (Φxt), 8 pcs 
Absorption rate 0.94 
Emittance 0.12 
Frame Aluminum alloy, anodized 
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Figure 3.5: Experimental set up  
3.1.3    Calculation from experimental data 
3.1.3.1 Error analysis  
 In any experiment, the measured quantities subject to uncertainties or error. 
Errors can be caused by various factors. The errors can be classified as systematic and 
random error. Systematics errors are errors that shifted or displaced the measurement 
values systematically such as incorrect calibration of equipment or incorrect adjustment 
of that device. Usually, systematic errors can be avoided and eliminated. Random 
errors, on the other hand are errors which fluctuate from one measurement to the next. 
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x
Random errors are unavoidable and must be accounted to indicate the accuracy of the 
measured data (Kotulski and Szczepinski 2010).  
 For a collection of measured data, it is very important to calculate the average or 
mean value x . The mean value can be calculated as follows: 
 n
x
x i


          (3.32) 
Where n is the number of times and xi is the measured quantity. 
 
 The measure of dispersion in the data collection relative to its average value is 
an important parameter in error analysis. The variance s
2
 is the usual measure for 
estimating distribution dispersion. Variance is the arithmetical mean value of all squares 
of deviations of particular values xi from the average value of the entire samples 
and can be defined by the formula (Kotulski and Szczepinski 2010): 
 
1
2
2



n
xx
s i
         (3.33) 
The quantity s is called the standard deviation which determines the width of the 
distribution and can be calculated by: 
2ss            (3.34) 
 The uncertainty given by the manufacturer for all the measuring devices is ±2% 
for PROVA (AV M-07) anemometer, ≤±0.06°C for thermocouples and ≤±2% for flow 
meter. After the uncertainty of measured data have been accounted, the uncertainty for 
calculated results will also be quantified by using (Kline and McClintock 1953) method. 
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3.1.3.2 Surface state of the heated surface  
 Nanoparticles had been reported to precipitate or fouled on the heated surface or 
on the flow conduit wall which will significantly change the surface characteristics that 
can potentially affect the thermal performance as well. Conventional SiO2 nanofluid 
(without surface coating) formed a fouling layer of nanoparticles on the heated surface 
after the boiling experiment and the fouling layer cannot be flushed away by water. 
However, for SiO2 nanoparticles coated with silane, no fouling layer exists after the 
boiling process. The SEM images of heated surface are shown in Figure 3.6 (Yang and 
Liu 2010). As seen in Fig. 3.6, only scattered functionalized nanoparticles are observed 
on the heated surface which can be easily flushed away by water. Similar result was also 
shown by Chen et al. (2013) indicating that no deposition layer exists for functionalized 
nanofluid., In this study, the test has been repeated by using distilled water again after 
nanofluid experiment to check if the nanoparticle precipitation on the flow conduits will 
significantly change the surface characteristics that can potentially affecting the thermal 
performance of the solar collector. From the test, the results showed that there is no 
significant impact of using functionalized nanofluid on surface characteristics of solar 
collector. The results obtained by using distilled water after nanofluid experiment was 
similar to the one before nanofluid had been applied in the solar collector.  
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Figure 3.6: SEM images of the heated surface of (a) before the experiment, (b) 
using the functionalized nanofluid and (c) using the conventional nanofluid (Yang 
and Liu 2010). 
 
3.1.3.3 Efficiency calculation from experimental data 
 The collector’s thermal efficiency can be calculated from the ratio of useful 
energy to the energy incident on the collector. Flat-plate collectors can collect both 
direct and diffuse solar radiation. To predict and model the collector performance, 
information on the solar energy absorbed by the collector absorber plate is needed. The 
solar energy incident radiation on a tilted surface consists of beam, diffuse and ground-
reflected radiation (Kalogirou 2009). 
 Beam and diffuse solar radiation will travels through the transparent cover. 
When the transmittance (τ) of the glazing increase, the absorber plate will have more 
radiation reached. The energy will be absorbed in a fraction equal to the absorbtivity (α) 
of the black absorber plate. Absorbtivity would be one for the perfect blackbody 
absorber. The instantaneous energy gained by the receiver can be determined by (Foster 
et al. 2009): 
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        (3.35) 
 The radiation will be absorbed and heat the absorber plate. Generally, solar 
collectors have great heat losses. The purpose of glazing is to prevent infrared-thermal 
energy to escape. However, the temperature difference between the absorber plate and 
the ambient causes heat losses by convection to the surroundings. This heat loss can be 
calculated by (Foster et al, 2010): 
       (3.36) 
The heat lost by radiation can be calculated by (Foster et al, 2010): 
       (3.37) 
 The heat losses from the bottom and from the edges of the collector are very 
small due to insulation and can be neglected. Combining the equations above, the useful 
energy collected can be represented as: 
     (3.38) 
 The important of all for this analysis is the heat-conducting fluid. The fluid will 
pass through pipes attached to the absorber plate. The fluid will absorb heat from the 
plate and as it flows through the pipes an increase in its temperature occur and will be 
carried for useful application. The thermal efficiency of a solar collector can be 
calculated as: 
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          (3.39) 
 To relate the collector’s actual performance directly and in terms of the 
temperature of the useful heat energy from the circulating fluid, the efficiency and the 
useful heat gain can be calculated from: 
       (3.40) 
     (3.41) 
The important useful heat gain by the working fluid can be expressed as: 
         (3.42) 
The heat capacity of water or nanofluid can be calculated by (Zhou and Ni 2008a): 
       (3.43) 
When there is no fluid flow, the temperature of the absorber can be defined as 
stagnation temperature (Singal, 2008): 
        (3.44) 
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From all these expressions, the useful heat gain and collectors efficiency can be 
calculated and compared between the conventional working fluid and proposed 
nanofluids.  
 
3.1.3.4 Exergy calculation from experimental data 
 Exergy is the maximum output that can be achieved relative to the environment 
temperature. The general equation of the exergy balance is (Farahat et al. 2009; Suzuki 
1988b): 
0 dloutsin EEEEE

       (3.45) 
Where inE
  is the inlet exergy rate, sE  is the stored exergy rate,  outE  is the outlet 
exergy rate, lE
  is the leakage exergy rate and dE  is the destroyed exergy rate. 
The inlet exergy rate measures the fluid flow and the absorbed solar radiation rate. 
The inlet exergy rate with fluid flow can be calculated by (Farahat et al. 2009) 
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Where inP  is the pressure difference of the fluid with the surroundings at entrance and 
  is the fluid density. 
The absorbed solar radiation exergy rate can be calculated as: 
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Where  is apparent sun temperature and equals to 75% of blackbody temperature of the 
sun (Bejan et al. 1981).  
Total inlet exergy rate of the solar collector can be calculated as: 
Qinfinin EEE ,,
 
         (3.48) 
At steady state conditions, where the fluid is flowing, the stored exergy rate is zero. 
0sE

         (3.49) 
When only the exergy rate of outlet fluid flow is considered, the outlet exergy rate can 
be defined as (Kotas 1995): 
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The heat leakage from the absorber plate to the environment can be defined as the 
leakage exergy rate and calculated as (Gupta and Saha 1990): 
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The destroyed exergy rate caused by the temperature difference between the absorber 
plate surface and the sun can be expressed as (Gupta and Saha 1990): 
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The destroyed exergy rate by pressure drop is expressed by (Suzuki 1988b): 
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The destroyed exergy rate caused by the temperature difference between the absorber 
plate surface and the agent fluid can be calculated from (Suzuki 1988b): 
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So, the total destroyed exergy rate can be calculated from: 
fS TdPdTdd
EEEE   ,,,

        (3.55) 
The exergy destruction rate can also be expressed from: 
genad STE
 
         (3.56)       
 where genS
  is the overall rate of entropy generation and can be calculated from (Bejan 
1996): 
         (3.57) 
where SQ
 is the solar energy rate absorbed (W) by the collector surface as expressed by 
(Esen 2008) 
PTS AIQ )(

         (3.58) 
And OQ
 is the heat loss rate to the environment (W), 
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Ultimately, combining all the expression above, the exergy efficiency equation of the 
solar collector can be analyzed (Farahat et al. 2009): 
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3.2 The flow and heat transfer performance of flat-plate solar collectors with 
nanofluid 
3.2.1 Pumping power 
 In this system, an electrical powered pump is required to pump the working fluid 
throughout the collector. To analyze the pumping energy needed by the system, 
expressions from (Garg and Agarwal 1995; White 2003) were used. It had been proven 
and well known for more than 100 years that thermal conductivity of a fluid can be 
enhanced by suspending millimeter or micrometer sized particles (Lee et al. 1999). 
However, it is not practical to use them because of problems such as sedimentation, 
erosion and increased pressure drop. The introduction of nanometer sized particles in 
the industry is believed to be able to overcome all these problems. The pressure drop in 
the system can be calculated from: 
22
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Where
 
f is the friction factor, K  is the loss coefficient and D is the diameter of the 
pipe. V is the velocity (m/s) of the working fluid and can be calculated from:  
4/2D
m
V
nf


         (3.62) 
 Density of nanofluids is one of the most important thermo physical properties. 
Density of nanofluids will give direct impact on the pressure drop and pumping power 
of solar collector.  Density of nanofluids will normally only be affected by the material 
of nanoparticle being used. Other factors such as shape, size, zeta potential and 
surfactants will not directly change the density of nanofluids (Timofeeva et al. 2011). 
The density of nanofluid can be calculated from: 
)1()( nbfnnpnf            (3.63) 
 For the SiO2 nanofluids used in this study, the density was measured by using a 
density meter KEM-DA 130N for both 0.2% and 0.4% concentration. This density 
meter can measure the density of fluid between 0 to 2000 kg/m
3
 with uncertainty of 
±0.001 kg/m3. The measured densities will then be compared with Equation (3.63) 
above. 
 The friction factors for laminar flow (Re ≤ 2 x 105) and turbulent flow (Re ≤ 2 x 
10
5
) can be calculated from (3.64) and (3.65) respectively (Bergman et al. 2011; Kahani 
et al. 2013): 
Re
64
f 
  for laminar      (3.64) 
  4/1Re
079.0
f
 for turbulent      (3.65) 
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 Another good parameter for fluid flow is the Reynolds number that was 
popularized by Reynolds Osborne (1842-1912) who was an English engineer that 
investigated flow in pipes (Cengel and Cimbala 2006). Based on mean velocities, 
Reynolds developed viscous flow equation. The Reynolds number can be expressed as: 

VD
Re
         (3.66) 
where
 
  is the viscosity of the working fluid (0.0008 kg/m s for water) and the 
viscosity of nanofluid can be calculated as (Einstein 1956): 
bfnnf   )5.21(          (3.67) 
 However, Einstein’s theoretical equations to calculate density of fluid are only 
applicable to Newtonian fluids while nanofluids often displayed non-Newtonian 
rheological behavior. Therefore, viscosity of nanofluids in this study for different 
concentration and temperatures was measured by using LVD-III ultra-programmable 
rheometer (Brookfield, USA). The rheometer’s calibrated spring can measure viscosity 
ranging from 1 to 6 x 10
6
 MPa.s. The Brookfield ultra-low adapter (ULA) with spindle 
model ULA-49EAY code 01 has been used in this experiment. Viscosity of the fluid is 
directly related to pressure drop which in turn related to pumping power.  
 Finally, the pumping power can be calculated from: 
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Where  is mass flow rate, ρnf  is density of nanofluid and Δp is the pressure difference.  
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3.2.2 Heat transfer 
 The major drawback of the flat-plate solar collectors is high heat losses from the 
absorber plate to surroundings and reducing the useful energy gain of the system. The 
enhancement of heat transfer rate in solar collectors could improve the overall 
performance of the heating system. Enhancement of heat transfer rate can be achieved 
by increasing the heat transfer coefficient by disrupting boundary layer, increasing the 
Reynolds number or increasing the temperature gradient.   
 Heat transfer will occur whenever there is temperature difference. In a solar 
collector system, water is normally used as heat transfer fluid. To improve the heat 
transfer characteristics of working fluids in the system, the key to it is to improve the 
thermal conductivity of the fluid. Solid particle has a larger thermal conductivity than 
water. So, by dispersing nano size particles into the fluid, it is expected to increase the 
thermal conductivity of that fluid.  Heat transfer that occurs between the pipes surfaces 
and a flowing fluid refers to heat transfer by convection. The convective heat transfer 
coefficient in this study can be calculated from: 
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Where Tb is the bulk temperature and can be calculated from: 
2
outin
b
TT
T


         (3.70) 
The heat transfer coefficient can also be calculated from (Li et al. 2003) 
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Where q is the heat flux (W/m
2
). 
From there, the Nusselt number can be calculated: 
nf
nf
nf
k
Dh
Nu 
         (3.72) 
 In the area of heat transfer analysis, Nusselt number is one of the important 
dimensionless quantities to quantify. It was developed by Nusselt Wilhem (1882-1957) 
who was a German engineer that applied similarity theory to heat transfer. Nusselt 
number can be defined as the ratio of convection to conduction heat transfer at a surface 
of a fluid. For the laminar flow of circular pipe, the Nusselt number can be calculated 
from Reynolds and Prandtl number expressed by (Owhaib and Palm 2004): 
 for Re <2000      (3.73) 
 The Prandtl number is a dimensionless quantity that is often found in property 
tables alongside other properties such as viscosity and thermal conductivity. It was 
named after Prandtl Prandtl Ludwig (1875-1953) who was a German engineer that 
developed the boundary layer theory. Prandtl is considered the founder of modern fluid 
mechanics. Prandtl developed the relationship between viscous diffusion and thermal 
diffusion.  Prandtl number can be calculated from: 
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Thermal conductivity can be expressed by: 
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Where SH is the shape factor and assuming the spherical shape of nanoparticle, the 
factor can be taken as 3 (Li et al. 2013). 
 
 
3.3 The economic and environmental impact of solar collector utilizing nanofluid 
 
 In household energy usage, a large portion of energy consumption is used to heat 
water for shower, cooking or washing. In Malaysia, the average energy demand for 
water heating is around 11.03% (Lalchand 2012). Most of this heat energy demand is 
supplied by electrical energy or burning of petroleum gas that will contribute to 
environmental problems. Solar thermal energy is an unlimited and free source of energy 
that can meet the world’s future energy needs without harming the earth. Switching to 
solar water heating system will reduce the greenhouse gas and smog forming emissions 
from the combustion of fossil fuels in addition to economic advantage of the system. 
 Economic and environmental impact of solar collectors can be assessed by using 
life cycle assessment (LCA) method. Tsillingiridis et al. (2004), Ardante et al. (2005) 
and Kalogirou (2008) are some example of many researchers that have used life cycle 
assessment methods on solar hot water heating systems to evaluate the economic and 
environmental impact of it. However, all these studies were focusing on solar water 
heating system in European countries with more emphasize were put on the 
environmental impact. The life cycle assessment method can effectively be used to 
evaluate the impact of manufacturing solar collectors on environment from initial 
resources to its disposal after being used by consumer. The life cycle assessment in this 
study focuses on the embodied energy of manufacturing and the operation of the solar 
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collector. Only energy used to manufacture the solar collector is considered where else 
the distribution, maintenance and disposal phase of the collectors are neglected. 
According to Ardante et al. (2005), more than 70% of the embodied energy of the 
system comes from the manufacturing of the collector. The analysis was done with the 
reduction of collector area as the functional unit that influences the overall weight and 
embodied energy of the collector. By using the thermal efficiency data of solar 
collector, the potential of reduction of the size of collector’s area can be estimated by:  
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 Two major materials that are being used in solar collector are glass and copper 
with the weight ratio of 27 kg glass and 9 kg copper for a 36 kg collector. The embodied 
energy index is 15.9 MJ/kg and 70.6 MJ/kg for glass and copper respectively (Otanicar 
et al. 2010). By using the result of size reduction, the weight and the embodied energy 
for solar collector can be calculated accordingly.  
 The results of the thermal performance of nanofluid solar collector and size 
reduction can also be used to estimate the cost saving. By using nanofluid as working 
fluid in solar collector, large portion of copper and glass used in the system can be 
eliminated based on the scaling of the overall percentage weight of the collector. The 
capital cost of the collector will then be offset by the cost of the nanoparticles. The 
energy usage per day in conjunction with the local electricity rates based from RM 
0.218 per kWh for the first 200 kWh and RM 0.334 for subsequent hour is used to 
determine the amount saved by using solar thermal system. The electricity rates used 
throughout this study were based on the TNB tariff in the year 2013.   
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 Burning of fossil fuels to generate the energy to heat water will result in harmful 
gas emissions. Switching to solar hot water system can reduce that problem. The 
distribution of electricity from various fuel types and the key pollutants generated in 
Malaysia is shown in Table 3.2.  
 
Table 3.2: Electricity generation by fuel type and primary emissions mix for 
Malaysia (Sustainable Energy Development  2010) 
Fuel % of Electricity 
generated 
Carbon 
dioxide, CO2 
(kg/MJ) 
Sulfur oxides, 
SOx (kg/MJ) 
Nitrogen 
oxides, NOx 
(kg/MJ) 
Coal 36.5 0.274 0.00031 0.0005 
Oil 0.2 0.220 0 0 
Natural gas 55.9 0.113 0 0.00003 
Hydro 5.6 0 0 0 
Others 1.8 0 0 0 
 
 With the data of embodied energy index of solar collector achieved, the 
emissions from the manufacturing of the collectors can be determined. The offset 
damage costs can be calculated for the three main pollutants of CO2, NOx and SOx 
based on the damage cost factors (Spardo and Rabl 1999). These offset damage cost are 
not costs directly applicable to the collector owner. The results will be shown in Chapter 
4 section next.  
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CHAPTER 4: RESULTS & DISCUSSION 
4.1 The thermodynamics performance of flat-plate solar thermal collector utilizing 
SiO2 nanofluid  
4.1.1 Density of nanofluids 
 Density of the working fluid in solar collector is a very important thermo 
physical property and must be accounted. Before experimental investigation was carried 
out, analytical analyses had been made on 4 types of metal oxides nanofluids including 
SiO2, CuO, TiO2 and Al2O3 to form a basis in theoretical comparison. Figure 4.1 shows 
the calculated theoretical density from Eq. (3.4) of various types of metal oxides 
nanofluids. As portrayed, density of nanofluids is proportional to volume fraction of 
nanoparticles. In all cases, nanofluid gave higher density than water. It can be explained 
by Eq. (3.4) and data from Table 2.3 where density of nanofluids will increase by 
increasing the volume fraction of nanoparticles. Nanoparticles have higher density than 
water and dispersing it in base fluid gave higher density than the base fluid. Figure 4.1 
also shows that CuO nanofluids have the highest possible density compared to other 
fluids based on the higher density of CuO nanoparticles. The trend in these results are 
also similar to studies by Pandey and Nema (2012). 
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Figure 4.1: Effect of varying volume fraction to the density of working fluids 
 For SiO2 nanofluids that were used specifically in this study, the densities for 
0.2% to 1.0% volume fraction SiO2 nanofluids were measured by using KEM-DA 130N 
density meter. The measured densities are then compared with the theoretical model 
from Eq. (3.4). The values of the densities of SiO2 nanofluids were measured at 
temperature 30°C. The measured density and the theoretical density are displayed in 
Figure 4.2. It can be seen that the measured nanofluid densities present almost similar 
values and only small average deviation of 4.5% can be detected from the theoretical 
model.  
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Figure 4.2: Comparison of measured density of SiO2 nanofluids used in this 
study with theoretical calculation 
 
4.1.2 Specific heat  
 Specific heat of nanofluid must be determined to study the performance of solar 
collectors. Figure 4.3 shows that the theoretical values of specific heats of various 
nanofluids are inversely proportional to volume fraction of nanoparticles as calculated 
from Eq. (3.3). Similar results had also been shown by other researchers like Pandey 
and Nema (2012), Kamyar et al. (2012b) and Sohel et al. (2013). Substitution of lower 
value of specific heats of nanoparticles from Table 2.3 will decrease the overall specific 
heats of nanofluids as stated in Eq. (3.3). Specific heat can be explained as the energy 
required raising the temperature of a unit mass of a substance by one degree. It means 
that a different amount of heat energy is needed to raise the temperature of similar 
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masses of different substances by one degree. Smaller number of specific heats for 
nanofluids will leads to smaller amount of energy needed to raise the temperature of it. 
Hence, output temperature for solar collectors using nanofluids will rise and lead to 
higher efficiency of the system.  
  
 
Figure 4.3: Effect of varying volume fraction to the specific heat of working 
fluids 
The specific heat for SiO2 nanofluids used in this study was measured by using 
DSC 4000, Perkin Elmer differential Scanning Calorimeter. The measured specific 
heats are then compared with the theoretical model from Eq. (3.3). Measured values of 
the heat capacity of nanofluids at temperature 30°C and the theoretical heat capacity are 
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displayed in Figure 4.4. It can be seen that the measured nanofluid capacities present 
almost similar values and only small deviation of 2.4% can be detected from the 
theoretical model.  
 
 
 
Figure 4.4: Comparison of measured specific heat of SiO2 nanofluids used in 
this study with theoretical calculation 
 
4.1.3 Efficiency analysis 
The thermal efficiency of solar collectors was calculated from the ratio of useful 
energy to the energy incident on the collector. Figure 4.5 presented the theoretical 
values of efficiency for various types of nanofluids including CuO, Al2O3, SiO2 and 
TiO2 based nanofluids. Figure 4.5 shows that efficiency of nanofluids is proportional to 
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the volume fraction of nanoparticles. In Eq. (3.2), the important useful heat gain by the 
working fluid is calculated and the value is then substituted in Eq. (3.8) to determine its 
efficiency. As shown in Figure 4.5, the efficiency of solar collector increased by 38.5% 
by using CuO nanofluid and 28.8% for Al2O3, SiO2 and TiO2 nanofluids compared to 
water as working fluid. These results are in good agreement with experimental results 
by other researchers like Yousefi et al. (2012c) and Tyagi et al. (2009).  
 
There are reasons for the higher efficiency of nanofluids solar collector 
compared to water. One of it is the higher output temperature associated with nanofluids 
solar collector (Yousefi et al. 2012a; Yousefi et al. 2012b; Yousefi et al. 2012c). Output 
temperature of solar collector can be influenced by the specific heat of working fluids. 
As seen in Table 2.3, nanoparticles and nanofluids have lower specific heat than water 
and Copper have the lowest value of all others. Because of that, less heat is required to 
raise the temperature of nanofluids and thus making the output temperature and 
efficiency becomes higher (Kamyar et al. 2012b; Sohel et al. 2013).  
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Figure 4.5: Effect of varying volume fraction to the efficiency of working fluids 
The experimental results include the performance of solar collector using water 
and SiO2 nanofluids at various concentrations and volume flow rates. The tests were 
performed around solar noon at 10 am to 3 pm. Figure 4.6 shows the effect of the 
volume flow rate of the working fluid on the efficiency of the solar collector. The 
volume flow rates of the working fluid were regulated to keep in between 1 - 3 L/min. 
For a steady state condition in compliance with ASHRAE Standard, the maximum 
variation in mass flow rate was kept at (<1%). The uncertainty for collector efficiency 
calculation at various tests was around 4.1% including both measurement and scatter 
uncertainties and was quantified by using Kline and McClintock method (Kline and 
McClintock 1953). 
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Figure 4.6: Effect of volume flow rates of working fluids on the efficiency of the 
solar collector. 
 
As shown in Figure 4.6, the efficiency of the solar collector with SiO2 
nanofluids is higher than that of the water while the efficiency is increased by increasing 
the volume flow rates.  There are some reasons for the higher efficiency of nanofluids 
solar collector compared to water. One of it is the higher output temperature associated 
with nanofluids solar collector (Yousefi et al. 2012a; Yousefi et al. 2012b; Yousefi et al. 
2012c). The efficiency of solar collector increased by 23.5% by using 0.2% SiO2 
nanofluid. However, only an increase of around 3.7% was achieved by adding the 
concentration to 0.4% compared to 0.2% concentration nanofluid. The similar findings 
were reported from an experimental investigation on Al2O3 nanofluid by (Yousefi et al. 
2012c) where the absorptance of 0.2 wt% nanofluid is higher than 0.4 wt% in lower 
temperature difference, but lower in higher temperature differences. This phenomenon 
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had been explained by some investigators (i.e., Rojas et al., 2008; (Zhou and Ni 
2008a);(Vatanpour et al. 2011). However, higher temperature increased the speed of 
molecules and collisions between the nanoparticles that increased the thermal 
conductivity for higher concentration nanofluid (Das and Choi 2009). Comparison of 
results obtained for thermal efficiency from this study with other researches is shown in 
Table 4.1.  
Table 4.1: Comparison of results obtained for thermal efficiency from this 
study with other researches. 
Researcher Solar thermal system Nano particle Efficiency 
improvement 
(Otanicar 2009)  micro-solar-collector  Diversity of 
nanoparticles 
5% 
(Taylor et al. 2011)  high flux solar 
collectors 
Graphite 10% 
(Yousefi et al. 2012c) flat-plate solar 
collector 
Aluminium (III) 
Oxide (Al2O3) 
28.30% 
(Lenert and Wang 2012)  concentrated solar 
power 
Carbon coated 
cobalt (C-Co) 
35% 
(Zamzamian et al. 2014) flat-plate solar 
collector 
Copper (Cu) 28.60% 
This study flat-plate solar 
collector 
SiO2 23.50% 
 
4.1.4 Exergy analysis 
The exergy analysis of a flat plat solar collector using different nanofluid was 
carried out in the present study to evaluate the enhancement of exegetic efficiency with 
comparison to a conventional collector. Figure 4.7 shows the behaviour of the exergy 
efficiency as a function of the volume fraction of nanofluid as calculated from Eq. 
(3.60). The analysis represents that the lowest efficiencies belong with the collector, 
operated by water; therefore, a large amount of irreversibility belonged with the 
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traditional solar collector. By using nanofluid in solar collector, exergy efficiency can 
be increased. CuO nanofluid may be a good choice as an absorbing medium because of 
their exergy efficiency is higher than the other considering nanofluid and water. From 
Hamilton and Crosser model (Hamilton and Crosser 1962), it is stated that the thermal 
conductivity of nanofluid is directly related to the volume fraction and the shape of the 
nanoparticle. It can be explained that addition of more particles leads to increased 
effective surface area for heat transfer. Additionally, the inherently higher thermal 
conductivity of nanoparticles will improve the thermal conductivity of the nanofluid. 
This may cause an improvement in exergy efficiency. For a fixed volume flow rate, 
solar collector with CuO nanofluid had implied highest exergy efficiency. Its maximum 
value is higher than the conventional solar collector by 15.52%. Al2O3 and SiO2 showed 
approximately same exergy but higher than water, besides TiO2 may provide a good 
exergy with comparison to water, Al2O3 and SiO2 nanofluids, although it carry more 
cost than water.  Thus, the analytical results indicated that in flat plate solar collector, 
there is a definite probability to get maximum exergy by using nanofluid as agent 
medium. The possible reason for this enhancement may be associated with the 
following: (I) the nanofluid with suspended nanoparticles increases the thermal 
conductivity of the mixture and (II) it is also known that the convective heat transfer 
coefficient of the nanofluid is higher than that of the base fluid (water) at a given 
Reynolds number. The results complied with those obtained from Duangthongsuk and 
Wongwises (2009), Xuan and Li (2003a) and He et al. (2007). Exergy efficiency is 
calculated from Eq. (3.60). According to this equation, mass flow rate and specific heat 
might have great impact on exergy efficiency of solar collector with considering 
collector absorber area as constant.   
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Figure 4.7: Effect of varying volume fraction to the exergy efficiency of working 
fluids 
Figure 4.8 shows the exergy efficiency of various flow rates with different 
working fluid types for the flat-plate solar collector experiment. Based on the efficiency 
equations (3.39) and (3.42) as well as efficiency data shown in Figure 4.6, increasing 
mass flow rate will increase the exergy efficiency of the system. Adding more SiO2 
nanoparticles to the system, from 0.2% to 0.4% can produce higher exergy efficiency 
than the water. The uncertainty for collector exergy efficiency calculation at various 
tests was around 8.5%. The results indicate that in solar collector, there is a definite 
probability to get maximum exergy by using SiO2 nanofluid as medium. The possible 
reason for this enhancement may be associated with the increase in thermal conductivity 
of the mixture and higher convective heat transfer coefficient of nanofluid. The results 
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complied with those obtained from Duangthongsuk and Wongwises (2009), Xuan and 
Li (2003b) and He et al. (2007).  
 
Figure 4.8: Effect of volume flow rate of working fluid on the exergy efficiency 
of the solar collector. 
 
4.1.5 Exergy destruction and entropy generation 
The exergy destruction and entropy generation rates are presented in Figure 4.9. 
As shown in the figure, the rates decreased by increasing the volume flow rates for all 
types of the working fluids. Exergy is the maximum output potential that can be 
achieved by a system relative to the dead state or environment temperature. Exergy 
efficiency implied how close the performance of the system had achieved relative to its 
theoretical limit. Exergy destruction however, is the cause of a system not achieving its 
maximum capabilities and it can be avoided. This exergy destruction, if minimized and 
managed further, can increase the energy and exergy efficiency of the system even 
more. Adding nanoparticles in the base fluid can be seen to lower down the entropy 
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generation and exergy destruction. Thermal conductivity and heat absorption rate 
increases with the increment of nanoparticles volume fraction and thus result in 
reduction of entropy generation and exergy destruction. Although adding nanoparticles 
in the fluid will increase the viscosity and fluid friction that will lead to increase of the 
entropy generation in the system, but, entropy generation will decrease far greater than 
fluid friction due to the gap of contribution of heat transfer. Similar result was reported 
by  Mahian et al. (2012). 
 
Figure 4.9: Effect of volume flow rate of working fluid on the exergy destruction 
and entropy generation of the solar collector. 
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4.2 The flow and heat transfer performance of flat-plate solar collectors with 
nanofluid  
4.2.1 Heat transfer and fluid flow 
 Figure 4.10 illustrates the effect of SiO2 nanoparticles concentration and volume 
flow rate on the heat transfer coefficient. The uncertainty for collector heat transfer 
coefficient calculation at various tests was around 4.9%. Enhanced heat transfer 
coefficient is observed in the results by increasing the volume flow rate after adding 
SiO2 nanoparticles in the base fluid due to the improvement of thermal conductivity of 
nanofluids as shown in (Table 2.3). Liquids have relatively low heat transfer properties 
and adding small amount of solid nanoparticles with higher heat transfer properties will 
enhance the thermal conductivity of the fluid. 
 
Figure 4.10: Effect of volume flow rates of working fluids on the heat transfer 
coefficient of the solar collector. 
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Thermal conductivity is normally proportional to the heat transfer coefficient. 
Jiang et al. (2014)  indicated that for an identical nusselt number condition, heat transfer 
coefficient of a fluid is higher when the thermal conductivity of the fluid becomes 
higher. At higher particle volume fraction, higher convective heat transfer coefficient 
was observed. Suspension of thermal boundary layer formation and disturbance of the 
SiO2 nanoparticles in the mixture could also rise at higher concentration of nanofluid 
and therefore resulting in higher heat transfer coefficient. Comparison of results 
obtained for heat transfer coefficient from this study with other researches is shown in 
Table 4.2.  
Table 4.2: Comparison of results obtained for heat transfer coefficient with other 
researches. 
Researcher Nanoparticles Heat transfer coefficient 
increase by 
Kim et al. (2009) amorphous 
carbonic 
8% 
Hwang et al. (2009) Al2O3 8% 
Duangthongsuk and Wongwises 
(2010) 
TiO2 26% 
Fotukian and Nasr (2010) CuO 25% 
Haghighi et al. (2014)  Al2O3 15% 
This study SiO2 17% 
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Table 4.3: Specific heat, density and Prandtl number of the working fluids. 
 Specific heat, 
Cp, (J/kg K) 
Density, ρ, 
(kg/m
3
) 
Prandtl number, 
Pr 
Water 4182.00 1000.0 5.58 
0.2% SiO2 nanofluid 4113.66 1059.4 4.83 
0.4% SiO2 nanofluid 4045.32 1118.8 3.79 
 
Table 4.3 shows the value of the specific heat, the density and the Prandtl 
number of the working fluid calculated from Eq. (3.14), Eq. (3.34) and Eq. (3.44) 
respectively. Adding SiO2 nanoparticles to the water has increased the density of the 
fluid while decreasing the specific heat and the Prandtl number. A decrease in the 
specific heat has led to smaller amount of the heat energy needed to raise the 
temperature that will lead to higher output temperature when applied in the solar 
collector. Decreasing the Prandtl number has resulted in bigger thickness of the thermal 
boundary layer than the velocity boundary layer.    
 
The theoretical viscosities as calculated from Eq. (3.67) are 0.8, 1.2 and 1.6 
mPas respectively for water, 0.2% SiO2 nanofluid and 0.4% SiO2 nanofluid.  The 
measured viscosity of nanofluids in this study is shown in Figure 4.11. It is shown in 
Figure 4.11 that, the viscosity of nanofluid exponentially decreases with the increase of 
temperature and the viscosity value of the nanofluid is higher than the base fluid for 
every addition of volume concentration. 
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Figure 4.11: Measured value of viscosity for nanofluids in this study. 
 
 
The Reynolds number is a dimensionless value of the ratio of inertial force to 
viscous force in fluid flow. Figure 4.12 indicates that the Reynolds number increased by 
increasing the volume flow rate of the working fluid and by adding SiO2 nanoparticles, 
the value of the Reynolds number can be enhanced further. The maximum uncertainty 
calculated for Reynolds number was around 1.1%.  
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Figure 4.12: Effect of volume flow rate on Reynolds numbers. 
 
For a forced convection flow, the Nusselt number is a very important parameter 
because it deals with the heat transfer at the boundary layer of fluid. The Nusselt 
number is a dimensionless ratio of convective to the conductive heat transfer normal to 
the boundary while it is a function of the Reynolds and Prandtl numbers. As seen in 
Figure 4.13, the Nusselt number increased by adding  nanoparticles inside the working 
fluid and thus managed to improve the heat transfer characteristic in the system for the 
corresponding Reynolds number, as reported by other researchers (Alim et al. 2013; 
Azmi et al. 2013). 
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Figure 4.13: Effect of volume flow rate on Nusselt numbers. 
 
4.2.2 Pumping power 
 Suspending solid particles to enhance the heat transfer and efficiency in fluids 
had been tested many times before by using millimeter or micrometer-sized particles. 
However, the effort was not very practical due to problems such as increased pressure 
drop of the flow channel and thus increasing the pumping power needed by the system. 
The production of nanometer-sized particles brings little or no penalty in pressure drop 
and pumping power because the nanoparticles are ultrafine. In this section, the results in 
pressure drop and pumping power of using nanofluids in solar collectors are shown and 
discussed. 
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Figure 4.14: Effect of volume flow rate of working fluid on the pressure drop. 
Figure 4.14 shows the pressure drop in the system as a function of volume flow 
rate for different type of working fluids. The pressure drop increased by increasing the 
working fluid flow rate and by adding nanoparticles concentration. The higher pressure 
drop experience by using nanofluid is because of its higher density as explained by 
(Tiwari et al. 2013). When using nanofluid, the pressure drop also occurred because of 
frictional effect between particles and flow conduit walls or pipes.   
Figure 4.15: Effect of volume flow rate of working fluid on the pumping power. 
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Figure 4.15 demonstrates the effect on pumping power for variation of 
nanoparticles concentration in different volume flow rates. As shown in the figure 4.15, 
pumping power needed for SiO2 nanofluid is higher compared to water and it increases 
by increasing nanoparticles volume fraction. Pumping power is associated with the mass 
flow rates, density and pressure drop of working fluids as expressed in Eq. (3.68). 
Adding more nanoparticles in the working fluid will result to increase in density and 
pressure drop and thus increasing the pumping power for the system. Similar results had 
also been reported by (Kabeel et al. 2013) and (Khairul et al. 2014). However, the 
increase in pumping power needed when nanofluid is being utilized is too small and will 
not significantly affect the overall efficiency of the system. 
 
4.3 The economic and environmental impact of solar collector utilizing nanofluid 
 Economic and environmental impact of solar collectors can be assessed by using 
life cycle assessment (LCA) method. Tsillingiridis et al. (2004), Ardante et al. (2005) 
and Kalogirou (2008) are some example of many researchers that have used life cycle 
assessment methods on solar hot water heating systems to evaluate the economic and 
environmental impact of it. The life cycle assessment method can effectively be used to 
evaluate the impact of manufacturing solar collectors on environment from initial 
resources to its disposal after being used by consumer. The life cycle assessment in this 
study focuses on the embodied energy of manufacturing and the operation of the solar 
collector. Only energy used to manufacture the solar collector is considered where else 
the distribution, maintenance and disposal phase of the collectors are neglected. 
According to Ardante et al. (2005), more than 70% of the embodied energy of the 
system comes from the manufacturing of the collector. The analysis was done with the 
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reduction of collector area as the functional unit that influences the overall weight and 
embodied energy of the collector. The results will be shown in the next section.  
4.3.1 Energy savings  
The potential of size reduction of solar collector by using various nanofluids is 
shown in Figure 4.16. Compared to water, solar collector’s area can be reduced up to 
25.6%, 21.6%, 22.1% and 21.5% for CuO, SiO2, TiO2 and Al2O3 respectively as 
calculated from Eq. (3.76). Potential of collector’s area reduction is calculated by 
substituting efficiency data in Figure 4.5 into Eq. (3.76).  Because of higher efficiency 
of nanofluids solar collector, the surface area of the solar collector that acts as the input 
energy of the system can be reduced to give the same amount of output temperature 
with water as conventional working fluid for solar thermal collector.  
 
The weight reduction of solar collector can be estimated by using the area 
reduction data in Figure 4.16. As shown in Figure 4.17, the total weight for 1000 units 
of solar collectors can be reduced up to 10 239 kg for CuO nanofluid solar collector and  
around 8 624.6 kg, 8 856.5 kg and 8 617.8 kg for SiO2, TiO2 and Al2O3 respectively.  
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Figure 4.16: Percentage of size reduction for solar collector by applying 
different nanofluids 
 
 
Figure 4.17: Weight reduction of solar collector when applying different 
nanofluids 
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Table 4.4 presents the embodied energy for each collectors as well as the 
percentage of energy savings when applying nanofluids solar collectors compared to 
water as working fluid. As seen in Table 4.4, the reduction in copper and glass material 
in the nanofluid based solar collector results in a reduction of around 220 MJ average 
when compared to the water based collector. Similar results had also been shown by 
Otanicar (2009) for graphite nanofluids direct absorption solar collector.  
 
Table 4.4: Embodied energy and percentage of energy savings to manufacture 
solar thermal collector when using different nanofluids 
 
water 
CuO 
nanofluid 
SiO2 
nanofluid 
TiO2 
nanofluid 
Al2O3 
nanofluid 
Embodied Energy 
(MJ) 1183 880 928 921 928 
Energy saving (%)   25.60 21.56 22.14 21.54 
 
4.3.2 Cost savings 
The size reduction of nanofluid based solar collector can lead to electricity cost 
savings calculated based on the current prices for electricity in Malaysia as shown in 
Table 4.5. Energy load for electric heater is estimated to be around 11 kWh/day for a 
typical household with 4 family members. (Otanicar, 2009). This electrical energy load 
was used to calculate the electricity cost per year by using electric heater based on the 
electricity tariff by TNB in year 2013. The current market cost of the nanoparticles in 
the year 2013 is RM7.33/g, RM6.87/g, RM5.88/g and RM4.63/g respectively for CuO, 
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Al2O3, TiO2 and SiO2. In the experiment, 3L of water have been used and 16 gram of 
nanoparticles has been mixed to make 0.2% concentration for each nanofluid.    Because 
of the higher efficiency of the nanofluid based solar collector, the cost savings per year 
for all nanofluids is greater than the water based solar collector. 
 
Table 4.5: Economic comparison for solar collectors with different based fluids 
 Electric 
heater 
Solar 
heater 
(water) 
Solar 
heater 
(Al2O3) 
Solar 
heater 
(TiO2) 
Solar 
heater 
(SiO2) 
 Solar 
heater 
(CuO) 
Capital costs (RM) 400.00      
Independent costs (RM)  3000.00 3000.00 3000.00 3000.00 3000.00 
Area based costs (RM)  1000.00 784.55 778.59 784.38 744.02 
Nanoparticles (RM)   109.96 94.13 74.10 117.30 
Total cost (RM) 400.00 4000.00 3894.51 3872.71 3858.48 3861.32 
Electricity cost saving per 
year (RM)  
 1606.00 1606.00 1606.00 1606.00 1606.00 
Years until electricity savings = Costs  2.49 2.42 2.41 2.40 2.40 
 
The payback period for the nanofluid collector is less than the conventional 
collector primarily due to the reduced capital cost needed for the nanofluid collector. 
The payback period is shortest for SiO2 and CuO nanofluid solar collector. The higher 
efficiency and higher area reduction of CuO based nanofluid solar collector can 
compensate the higher cost of CuO nanoparticles and thus making it almost equal to 
  
112 
 
SiO2 nanofluid solar collector. Further savings with nanofluid based solar collector can 
be achieved if the price of nanoparticles is expected to drop as they become more 
widely used and produced. 
 
4.3.3 Emissions and damage cost reduction 
Table 4.6: Embodied energy emissions from various working fluid solar collector 
 Solar 
heater 
(water) 
Solar 
heater 
(CuO) 
Solar 
heater 
(SiO2) 
Solar 
heater 
(TiO2) 
 Solar 
heater 
(Al2O3) 
Embodied Energy (MJ) 1183 880 928 921 928 
Emission (kg)      
Carbon Dioxide, CO2 718.08 534.16 563.30 559.05 563.30 
Sulfur Oxides, SOx  0.37 0.27 0.29 0.29 0.29 
Nitrogen Oxides, NOx 0.63 0.47 0.49 0.49 0.49 
 
As seen in Table 4.6 the manufacturing of the nanofluid based solar collector 
results in around 170 kg less CO2 emissions in average compared to a conventional 
solar collector. The differences between the other emissions, Sulfur Oxides, SOx and 
Nitrogen Oxides, NOx, are of a much smaller scale. CuO nanofluid based collector can 
offset more than 180 kg of CO2 followed by TiO2 with 159 kg of CO2 and the lowest 
will be SiO2 and Al2O3 with the same amount of 155 kg of CO2 compared to the 
traditional solar heaters.  Finally the offset damage costs from the pollution savings of 
the collectors can be established.  
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Table 4.7: Yearly damage costs for various working fluid solar collectors 
    Damage Costs (RM)     
  
Cost 
(RM/kg) 
Solar heater 
(water) 
Solar 
heater 
(CuO) 
Solar 
heater 
(SiO2) 
Solar 
heater 
(TiO2) 
Solar 
heater 
(Al2O3) 
Carbon Dioxide, 
CO2 0.09 64.63 48.07 50.70 50.31 50.70 
Sulfur Oxides, 
SOx  36.81 13.50 10.04 10.59 10.51 10.59 
Nitrogen 
Oxides, NOx 55.84 35.01 26.04 27.46 27.26 27.46 
Total (RM) 
 
113.14 84.16 88.75 88.08 88.75 
 
Table 4.7 shows that the damage cost is lower with the nanofluid based solar 
collector. This costs savings are not directly applicable to the collector owner but 
distributed throughout the installer of the collector, the utility or the state and federal 
government. This damage costs showed the impact of the pollutants from the 
manufacturing of the collector but the economic or environmental impacts of 
nanoparticles is not included. Some work have been done on the impact of nanoparticles 
on the environment, especially human health and ecological systems (Chen et al. 2008) 
but these studies focus on nanoparticles which are not suspended in liquid. 
Nanoparticles used in solar collector are suspended in liquid and flowing in a closed 
loop system which can eliminate the risk for inhalation.  
  
114 
 
 
From all the findings in the analytical analysis above, it can be summed up that 
although output temperature has a greater effect on energy efficiency; it also enhances 
absorber plate temperature, which may cause exergy loss. As it is mentioned in many 
articles, the main reason of exergy loss in collector is the difference between absorber 
plate temperature and the sun temperature (Ts). Since the increase in the absorber plate 
temperature leads to an increase in this difference and consequently a decrease in 
collector exergy loss. Jafarkazemi and Ahmadifard (2012) stated in their investigation,  
increasing the flow rate to approximately 0.01 kg/s leads to a considerable decrease in 
the absorber plate’s temperature. The decrease in temperature gradient between the 
absorber plate and the environment leads to a decrease in overall heat loss coefficient 
and consequently to an increase in the thermal efficiency of the collector. Figure 4.3 
directly supports that statement. By increasing nanoparticles volume concentration, 
mass flow rate is increased significantly. Table 4.6 lists the parameters or a bird’s eye 
views of this present study and represents the possible good outcome comparing 
between conventional and nanofluid based flat plate solar collector. 
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Table 4.8: Analytical findings of a flat plate solar collector for different nanofluids 
and base fluid (equal nanoparticles volume fraction and volume flow rate). 
Base 
fluid 
 
Cp, 
(J/kg.K) 
Ap, (m
2
) Mass flow Rate, 
enhancement, (%) 
Efficiency 
enhancement, 
(%) 
Exergy 
enhancement, 
(%) 
Water 4182.00 1.61 - - - 
Al2O3 4113.82 1.51 9.47 28.84 4.25 
TiO2 4112.20 1.52 10.38 28.84 4.25 
CuO 4109.38 2.24 15.95 38.46 15.52 
SiO2 4113.66 1.50 9.47 28.84 4.25 
 
The above table makes it clear that the CuO nanofluid provides maximum 
efficiency for both energy and exergy. However, the price of CuO nanoparticles is also 
higher than other nanoparticles. This leads to higher cost. But other nanofluids have 
similar behaviour in terms of energy and exergy efficiency which makes SiO2 the better 
choice because it has the cheapest price compared to other nanoparticles and the 
abundance of the source of SiO2 can make it the best option in terms of sustainability.  
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4.4 Error analysis 
 The distribution of the measured values of solar radiation and temperatures are 
specified in Table 4.9. 
Table 4.9: Mean value, variance and standard deviation of the measurements. 
 Solar 
radiation, IT   
(W/m2) 
 
Plate 
temperature, 
Tp (°C) 
Inlet 
temperature, 
Tin (°C) 
Outlet 
temperature, 
Tout (°C) 
Ambient 
temperature, 
Ta(°C) 
Mean, x  756.76 54.69 35.26 46.53 33.46 
Variance, s
2 
749.94 32.13 0.11 47.08 1.46 
Standard 
deviation, s  
27.39 5.67 0.34 6.86 1.21 
 
 Standard deviation determines the width of the distribution. Errors are quoted in 
terms of the standard deviation. For measured solar radiation, the standard deviation 
was around 27.39 W/m
2
 for the average value of 756.76 W/m
2
. The standard deviation 
for measured plate temperature, inlet temperature, outlet temperature and ambient 
temperature are 5.67°C, 0.34°C, 6.86°C and 1.21°C respectively. The maximum 
uncertainty obtained by combining both measurement and random uncertainties at 
various tests was around 3.77% in which the random uncertainty due to random 
fluctuation of the process contributes greater.   
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CHAPTER 5: CONCLUSION 
 Present study focuses on the benefits of using different nanofluids in a flat plate 
solar collector. The effects of volume flow rate, nanoparticles volume fraction, mass 
flow rate, density and specific heat on energy and exergy efficiency of the solar 
collector are studied. Analytical outcomes reveal that using CuO nanofluid increases 
energy and exergy efficiency of a flat plate solar collector in analogy with water as 
absorbing fluid by 38.46% and 15.52%, respectively. Analytical study also remarks that 
the increment of volume fraction, mass flow rate and density can enhance both energy 
and exergy efficiency. For equal volume flow rate, mass flow rate could be increased by 
injecting nanoparticles in base fluid only and represents higher efficiency.  
 In terms of economic and environmental perspective, SiO2 nanofluids are more 
advantageous compared to other metal oxides nanoparticles. Therefore, the study 
continues further by focusing on SiO2 nanofluid. The analysis and performance 
assessment of a flat-plate solar thermal collector using SiO2 nanofluid as absorbing 
medium had been dealt with energetic, exergetic, heat transfer, economic and 
environmental aspects in this study. An experimental investigation had also been taken 
and the relevant relations used in the analyses had been presented. Nanofluids 
containing small amount of nanoparticles have higher energy and exergy efficiency than 
base fluids. The efficiency of solar collector increased by 23.5% by using 0.2% SiO2 
nanofluid. In term of heat transfer, addition of a small amount of SiO2 nanoparticles has 
resulted in the increased Nusselt and Reynolds number. As a result, the heat transfer 
characteristic in the system has enhanced. The negative impact of adding nanoparticles 
in the base fluids is the increase in viscosity of the working fluid that has led to increase 
in pumping power and pressure drop. However, for low concentration nanofluids, only 
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negligible effect in the pumping power and pressure drop is noticed. Due to higher 
efficiency of the solar collector operated by nanofluid, smaller and compact solar 
collector could be manufactured that would reduce the energy and cost to manufacture it 
and therefore would result in lower emission and lower impact on the environment 
compared to a conventional collector. 
 
 From this study, the work shown in the previous sections has added to the 
scientific community in the following ways: 
1. In term of thermodynamic performance of flat-plate solar collector by using 
nanofluid: 
a) Higher density and lower specific heat of nanoparticles leads to a higher thermal 
efficiency and CuO nanofluid have the highest value compared to other 3 
nanofluids.  
b) SiO2 nanoparticles coated with silanes are very stable as additives and will not 
precipitate or fouling the conduits walls of solar collectors.  
c) Using 0.2% SiO2 nanofluid increases the efficiency of solar collector by 23.5% 
and increasing volume concentration will increase the efficiency.  
d) Increasing volume fraction and volume flow rate of nanofluid will also increase 
the exergy efficiency of the system. 
e) Thermal conductivity and heat absorption rate increases with the increment of 
nanoparticles volume fraction and thus result in reduction of entropy generation 
and exergy destruction. 
2. In term of heat transfer and fluid flow of nanofluid in solar collector: 
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a) At higher particle volume fraction, higher convective heat transfer coefficient 
was observed. 
b) Adding small amount of SiO2 nanoparticles can increase the Nusselt and 
Reynolds number and therefore enhance the heat transfer characteristic in the 
system. 
c) The viscosity of nanofluid exponentially decreases with the increase of 
temperature and the viscosity value of the nanofluid is higher than the base fluid 
for every addition of volume concentration.  
d) Because of that, the pressure drop and pumping power in solar collector 
increased by increasing the nanofluid flow rate and by increasing the 
concentration. 
e) However, for low concentration nanofluids, only negligible effect in the 
pumping power and pressure drop is noticed. 
3. In term of economic and environmental impact of applying nanofluid in solar 
collector: 
a) Due to higher efficiency of solar collector operated by nanofluid, smaller and 
compact solar collector can be manufactured that will reduce the energy and cost 
of manufacturing processes and materials. 
b) 25.6%, 21.6%, 22.1% and 21.5% solar collector area reduction are achieved for 
CuO, SiO2, TiO2 and Al2O3 respectively. 
c) It was estimated that 10 239 kg, 8 625 kg, 8 857 kg and 8 618 kg total weight for 
1000 units of solar collectors can be saved for CuO, SiO2, TiO2 and Al2O3 
nanofluid respectively. 
d) The average value of 220 MJ embodied energy can be saved for each collector 
by using various types of metal oxides nanofluids. 
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e) 280 MJ embodied energy can be saved when manufacturing each solar collector 
operated by SiO2 nanofluid. 
f) The payback period of using nanofluid solar collector is around 2.4 years 
compared to conventional one with 2.49 years 
g) The manufacturing of nanofluid based solar collector will results in lower 
emission and lower impact on environment compared to a conventional 
collector. 
h) The manufacturing of the nanofluid based solar collector results in around 170 
kg less CO2 emissions in average compared to a conventional solar collector 
i) Environmental damage cost is lower with the nanofluid based solar collector 
 
 The analytical and experimental work presented in this study has shown some of 
the potential improvements created by using nanofluids in solar thermal collectors. 
However, a variety of questions still remains unanswered and need researching. Further 
studies should be addressed in future work on solar system that utilizes nanofluids: 
1. Can different combinations of nanoparticles mixtures lead to enhanced 
efficiencies? There is a possibility that making right combinations of different 
nanoparticles can lead to enhanced efficiencies in terms of both performance and 
economic advantages. 
2. Can the reduced sized collector perform as good as the theoretical results? In 
this study, only theoretical results have been obtained for the reduced size 
collector. The actual reduced sized collector must be tested in the future to 
validate the claim. 
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3. How will the nanofluids perform in flat-plate solar thermal collectors over a long 
time periods? The experiment conducted in this study and all other studies are 
laboratory experiments for only a short time periods since the application of 
nanofluids is still relatively new in heat transfer device. Effect of nanofluids on 
the device for the long time periods is still unknown and must be quantified. 
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APPENDIX A: IMAGES OF OTHER TYPES OF SOLAR COLLECTORS 
 
 
Glass evacuated tube solar collector with U-tube. (a) Illustration of the glass evacuated 
tube and (b) cross section (Ma et al. 2010) 
 
Linear Fresnel reflectors (Larsen et al. 2012)  
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Parabolic trough collectors (Reddy et al. 2012)  
 
Parabolic dish reflectors (Wang et al. 2010)  
 
Heliostat field collectors (Kalogirou 2004b) 
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APPENDIX B: IMAGES OF EXPERIMENTAL APPARATUS 
 
 
CAD images of experimental set up 
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The construction of experimental set up 
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Differential Scanning Calorimeter (DSC 4000 Perkin Elmer) 
 
Programmable viscometer (Brookfield LVDV-III ultra) 
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Portable density meter (KEM-DA 130N) 
 
Water distiller 
  
152 
 
 
Ultrasonic homogenizer. 
 
Digital weighing machine. 
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Shaking incubator. 
 
Water pump. 
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Heat exchanger. 
 
Flow meter. 
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Differential pressure transducer. 
 
Data logger. 
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TES 1333R solar meter. 
 
PROVA (AV M-07) anemometer. 
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PH meter 
 
Field Emission Scanning Electron Microscope (FESEM) Physics Department 
University of Malaya 
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Transmission Electron Microscope (TEM) Medical Department University of Malaya 
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APPENDIX C: ADDITIONAL TABULATED DATA 
 
3% volume fraction Al2O3 nanofluid 
Volume 
flow Rate 
Mass flow 
rate 
Specific heat 
of nanofluid 
Solar 
radiation 
Inlet 
Temperature 
Energy 
Efficiency 
1 0.0181 4079.73 500 300 8.8840 
1.1 0.0200 4079.73 500 300 9.7724 
1.2 0.0218 4079.73 500 300 10.6608 
1.3 0.0236 4079.73 500 300 11.5492 
1.4 0.0254 4079.73 500 300 12.4376 
1.5 0.0272 4079.73 500 300 13.3260 
1.6 0.0290 4079.73 500 300 14.2144 
1.7 0.0308 4079.73 500 300 15.1028 
1.8 0.0327 4079.73 500 300 15.9912 
1.9 0.0345 4079.73 500 300 16.8796 
2 0.0363 4079.73 500 300 17.7680 
2.1 0.0381 4079.73 500 300 18.6564 
2.2 0.0399 4079.73 500 300 19.5448 
2.3 0.0417 4079.73 500 300 20.4332 
2.4 0.0436 4079.73 500 300 21.3216 
2.5 0.0454 4079.73 500 300 22.2101 
2.6 0.0472 4079.73 500 300 23.0985 
2.7 0.0490 4079.73 500 300 23.9869 
2.8 0.0508 4079.73 500 300 24.8753 
2.9 0.0526 4079.73 500 300 25.7637 
3 0.0544 4079.73 500 300 26.6521 
3.1 0.0563 4079.73 500 300 27.5405 
3.2 0.0581 4079.73 500 300 28.4289 
3.3 0.0599 4079.73 500 300 29.3173 
3.4 0.0617 4079.73 500 300 30.2057 
3.5 0.0635 4079.73 500 300 31.0941 
3.6 0.0653 4079.73 500 300 31.9825 
3.7 0.0671 4079.73 500 300 32.8709 
3.8 0.0690 4079.73 500 300 33.7593 
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3% volume fraction Al2O3 nanofluid 
Qu A % mass 
glass 
mass 
copper 
MJ/kg 
glass 
MJ/kg 
copper 
MJ total mass 
total 
3485 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
3834 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
4182 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
4531 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
4879 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
5228 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
5576 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
5925 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
6273 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
6622 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
6970 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
7319 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
7667 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
8016 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
8364 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
8713 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
9061 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
9410 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
9758 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
10107 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
10455 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
10804 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
11152 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
11501 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
11849 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
12198 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
12546 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
12895 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
13243 0.78 21.54 23.54 7.85 15.9 70.6 928.13 31.38 
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3% volume fraction TiO2 nanofluid 
Volume 
flow 
Rate 
Mass 
flow 
rate 
Specific 
heat of 
nanofluid 
Solar 
radiation 
Inlet 
Temperature 
Energy 
Efficiency 
Qu 
1 0.0183 4077.3 500 300 8.9521 3485 
1.1 0.0201 4077.3 500 300 9.8473 3833.5 
1.2 0.0220 4077.3 500 300 10.7425 4182 
1.3 0.0238 4077.3 500 300 11.6378 4530.5 
1.4 0.0256 4077.3 500 300 12.5330 4879 
1.5 0.0274 4077.3 500 300 13.4282 5227.5 
1.6 0.0293 4077.3 500 300 14.3234 5576 
1.7 0.0311 4077.3 500 300 15.2186 5924.5 
1.8 0.0329 4077.3 500 300 16.1138 6273 
1.9 0.0348 4077.3 500 300 17.0090 6621.5 
2 0.0366 4077.3 500 300 17.9042 6970 
2.1 0.0384 4077.3 500 300 18.7995 7318.5 
2.2 0.0403 4077.3 500 300 19.6947 7667 
2.3 0.0421 4077.3 500 300 20.5899 8015.5 
2.4 0.0439 4077.3 500 300 21.4851 8364 
2.5 0.0457 4077.3 500 300 22.3803 8712.5 
2.6 0.0476 4077.3 500 300 23.2755 9061 
2.7 0.0494 4077.3 500 300 24.1707 9409.5 
2.8 0.0512 4077.3 500 300 25.0659 9758 
2.9 0.0531 4077.3 500 300 25.9611 10106.5 
3 0.0549 4077.3 500 300 26.8564 10455 
3.1 0.0567 4077.3 500 300 27.7516 10803.5 
3.2 0.0585 4077.3 500 300 28.6468 11152 
3.3 0.0604 4077.3 500 300 29.5420 11500.5 
3.4 0.0622 4077.3 500 300 30.4372 11849 
3.5 0.0640 4077.3 500 300 31.3324 12197.5 
3.6 0.0659 4077.3 500 300 32.2276 12546 
3.7 0.0677 4077.3 500 300 33.1228 12894.5 
3.8 0.0695 4077.3 500 300 34.0181 13243 
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3% volume fraction TiO2 nanofluid 
A % mass 
glass 
mass 
copper 
MJ/kg 
glass 
MJ/kg 
copper 
MJ total mass 
total 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
0.78 22.14 23.36 7.79 15.9 70.6 921.07 31.14 
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3% volume fraction SiO2 nanofluid 
Volume 
flow 
Rate 
Mass 
flow 
rate 
Specific 
heat of 
nanofluid 
Solar 
radiation 
Inlet 
Temperature 
Energy 
Efficiency 
Qu 
1 0.0182 4079.49 500 300 8.8859 3485 
1.1 0.0200 4079.49 500 300 9.7745 3833.5 
1.2 0.0218 4079.49 500 300 10.6631 4182 
1.3 0.0236 4079.49 500 300 11.5517 4530.5 
1.4 0.0254 4079.49 500 300 12.4403 4879 
1.5 0.0272 4079.49 500 300 13.3289 5227.5 
1.6 0.0290 4079.49 500 300 14.2175 5576 
1.7 0.0309 4079.49 500 300 15.1061 5924.5 
1.8 0.0327 4079.49 500 300 15.9947 6273 
1.9 0.0345 4079.49 500 300 16.8833 6621.5 
2 0.0363 4079.49 500 300 17.7719 6970 
2.1 0.0381 4079.49 500 300 18.6605 7318.5 
2.2 0.0399 4079.49 500 300 19.5491 7667 
2.3 0.0417 4079.49 500 300 20.4377 8015.5 
2.4 0.0436 4079.49 500 300 21.3263 8364 
2.5 0.0454 4079.49 500 300 22.2149 8712.5 
2.6 0.0472 4079.49 500 300 23.1035 9061 
2.7 0.0490 4079.49 500 300 23.9921 9409.5 
2.8 0.0508 4079.49 500 300 24.8806 9758 
2.9 0.0526 4079.49 500 300 25.7692 10106.5 
3 0.0545 4079.49 500 300 26.6578 10455 
3.1 0.0563 4079.49 500 300 27.5464 10803.5 
3.2 0.0581 4079.49 500 300 28.4350 11152 
3.3 0.0599 4079.49 500 300 29.3236 11500.5 
3.4 0.0617 4079.49 500 300 30.2122 11849 
3.5 0.0635 4079.49 500 300 31.1008 12197.5 
3.6 0.0653 4079.49 500 300 31.9894 12546 
3.7 0.0672 4079.49 500 300 32.8780 12894.5 
3.8 0.0690 4079.49 500 300 33.7666 13243 
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3% volume fraction SiO2 nanofluid 
A % mass 
glass 
mass 
copper 
MJ/kg 
glass 
MJ/kg 
copper 
MJ total mass 
total 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
0.78 21.56 23.53 7.84 15.9 70.6 927.93 31.38 
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3% volume fraction CuO nanofluid 
Volume 
flow 
Rate 
Mass 
flow 
rate 
Specific 
heat of 
nanofluid 
Solar 
radiation 
Inlet 
Temperature 
Energy 
Efficiency 
Qu 
1 0.0192 4073.07 500 300 9.3681 3485 
1.1 0.0211 4073.07 500 300 10.3049 3833.5 
1.2 0.0230 4073.07 500 300 11.2417 4182 
1.3 0.0249 4073.07 500 300 12.1785 4530.5 
1.4 0.0268 4073.07 500 300 13.1153 4879 
1.5 0.0288 4073.07 500 300 14.0521 5227.5 
1.6 0.0307 4073.07 500 300 14.9889 5576 
1.7 0.0326 4073.07 500 300 15.9257 5924.5 
1.8 0.0345 4073.07 500 300 16.8625 6273 
1.9 0.0364 4073.07 500 300 17.7993 6621.5 
2 0.0383 4073.07 500 300 18.7361 6970 
2.1 0.0403 4073.07 500 300 19.6729 7318.5 
2.2 0.0422 4073.07 500 300 20.6097 7667 
2.3 0.0441 4073.07 500 300 21.5465 8015.5 
2.4 0.0460 4073.07 500 300 22.4833 8364 
2.5 0.0479 4073.07 500 300 23.4202 8712.5 
2.6 0.0498 4073.07 500 300 24.3570 9061 
2.7 0.0518 4073.07 500 300 25.2938 9409.5 
2.8 0.0537 4073.07 500 300 26.2306 9758 
2.9 0.0556 4073.07 500 300 27.1674 10106.5 
3 0.0575 4073.07 500 300 28.1042 10455 
3.1 0.0594 4073.07 500 300 29.0410 10803.5 
3.2 0.0613 4073.07 500 300 29.9778 11152 
3.3 0.0633 4073.07 500 300 30.9146 11500.5 
3.4 0.0652 4073.07 500 300 31.8514 11849 
3.5 0.0671 4073.07 500 300 32.7882 12197.5 
3.6 0.0690 4073.07 500 300 33.7250 12546 
3.7 0.0709 4073.07 500 300 34.6618 12894.5 
3.8 0.0728 4073.07 500 300 35.5986 13243 
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3% volume fraction CuO nanofluid 
A % mass 
glass 
mass 
copper 
MJ/kg 
glass 
MJ/kg 
copper 
MJ total mass 
total 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
0.74 25.60 22.32 7.44 15.9 70.6 880.17 29.76 
 
 
 
 
 
 
 
 
  
167 
 
Water 
Volume 
flow 
Rate 
Mass 
flow 
rate 
Specific 
heat of 
nanofluid 
Solar 
radiation 
Inlet 
Temperature 
Energy 
Efficiency 
Qu 
1 0.0167 4182 500 300 6.97 3485 
1.1 0.0183 4182 500 300 7.67 3833.5 
1.2 0.0200 4182 500 300 8.36 4182 
1.3 0.0217 4182 500 300 9.06 4530.5 
1.4 0.0233 4182 500 300 9.76 4879 
1.5 0.0250 4182 500 300 10.46 5227.5 
1.6 0.0267 4182 500 300 11.15 5576 
1.7 0.0283 4182 500 300 11.85 5924.5 
1.8 0.0300 4182 500 300 12.55 6273 
1.9 0.0317 4182 500 300 13.24 6621.5 
2 0.0333 4182 500 300 13.94 6970 
2.1 0.0350 4182 500 300 14.64 7318.5 
2.2 0.0367 4182 500 300 15.33 7667 
2.3 0.0383 4182 500 300 16.03 8015.5 
2.4 0.0400 4182 500 300 16.73 8364 
2.5 0.0417 4182 500 300 17.43 8712.5 
2.6 0.0433 4182 500 300 18.12 9061 
2.7 0.0450 4182 500 300 18.82 9409.5 
2.8 0.0467 4182 500 300 19.52 9758 
2.9 0.0483 4182 500 300 20.21 10106.5 
3 0.0500 4182 500 300 20.91 10455 
3.1 0.0517 4182 500 300 21.61 10803.5 
3.2 0.0533 4182 500 300 22.30 11152 
3.3 0.0550 4182 500 300 23.00 11500.5 
3.4 0.0567 4182 500 300 23.70 11849 
3.5 0.0583 4182 500 300 24.40 12197.5 
3.6 0.0600 4182 500 300 25.09 12546 
3.7 0.0617 4182 500 300 25.79 12894.5 
3.8 0.0633 4182 500 300 26.49 13243 
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Water 
A mass 
glass 
mass 
copper 
MJ/kg 
glass 
MJ/kg 
copper 
MJ total mass 
total 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
1 30 10 15.9 70.6 1183 40 
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Density data 
Volume 
fraction 
CuO 
Nanofluid 
Al2O3 
Nanofluid 
TiO2 
Nanofluid 
SiO2 
Nanofluid 
Water 
0.02 1100 1059.2 1065.2 1059.4 1000 
0.0205 1102.5 1060.68 1066.83 1060.885 1000 
0.021 1105 1062.16 1068.46 1062.37 1000 
0.0215 1107.5 1063.64 1070.09 1063.855 1000 
0.022 1110 1065.12 1071.72 1065.34 1000 
0.0225 1112.5 1066.6 1073.35 1066.825 1000 
0.023 1115 1068.08 1074.98 1068.31 1000 
0.0235 1117.5 1069.56 1076.61 1069.795 1000 
0.024 1120 1071.04 1078.24 1071.28 1000 
0.0245 1122.5 1072.52 1079.87 1072.765 1000 
0.025 1125 1074 1081.5 1074.25 1000 
0.0255 1127.5 1075.48 1083.13 1075.735 1000 
0.026 1130 1076.96 1084.76 1077.22 1000 
0.0265 1132.5 1078.44 1086.39 1078.705 1000 
0.027 1135 1079.92 1088.02 1080.19 1000 
0.0275 1137.5 1081.4 1089.65 1081.675 1000 
0.028 1140 1082.88 1091.28 1083.16 1000 
0.0285 1142.5 1084.36 1092.91 1084.645 1000 
0.029 1145 1085.84 1094.54 1086.13 1000 
0.0295 1147.5 1087.32 1096.17 1087.615 1000 
0.03 1150 1088.8 1097.8 1089.1 1000 
0.0305 1152.5 1090.28 1099.43 1090.585 1000 
0.031 1155 1091.76 1101.06 1092.07 1000 
0.0315 1157.5 1093.24 1102.69 1093.555 1000 
0.032 1160 1094.72 1104.32 1095.04 1000 
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Mass flow rate data 
Volume 
Fraction 
Al2O3 
Nanofluid 
TiO2 
Nanofluid 
SiO2 
Nanofluid 
CuO 
Nanofluid 
0.0200 0.0177 0.0178 0.0177 0.0183 
0.0205 0.0177 0.0178 0.0177 0.0184 
0.0210 0.0177 0.0178 0.0177 0.0184 
0.0215 0.0177 0.0178 0.0177 0.0185 
0.0220 0.0178 0.0179 0.0178 0.0185 
0.0225 0.0178 0.0179 0.0178 0.0185 
0.0230 0.0178 0.0179 0.0178 0.0186 
0.0235 0.0178 0.0179 0.0178 0.0186 
0.0240 0.0179 0.0180 0.0179 0.0187 
0.0245 0.0179 0.0180 0.0179 0.0187 
0.0250 0.0179 0.0180 0.0179 0.0188 
0.0255 0.0179 0.0181 0.0179 0.0188 
0.0260 0.0179 0.0181 0.0180 0.0188 
0.0265 0.0180 0.0181 0.0180 0.0189 
0.0270 0.0180 0.0181 0.0180 0.0189 
0.0275 0.0180 0.0182 0.0180 0.0190 
0.0280 0.0180 0.0182 0.0181 0.0190 
0.0285 0.0181 0.0182 0.0181 0.0190 
0.0290 0.0181 0.0182 0.0181 0.0191 
0.0295 0.0181 0.0183 0.0181 0.0191 
0.0300 0.0181 0.0183 0.0182 0.0192 
0.0305 0.0182 0.0183 0.0182 0.0192 
0.0310 0.0182 0.0184 0.0182 0.0193 
0.0315 0.0182 0.0184 0.0182 0.0193 
0.0320 0.0182 0.0184 0.0183 0.0193 
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Specific heat data 
Volume 
fraction 
CuO 
Nanofluid 
Al2O3 
Nanofluid 
TiO2 
Nanofluid 
SiO2 
Nanofluid 
Water 
0.020 4109.380 4113.820 4112.200 4113.660 4182 
0.021 4107.565 4112.116 4110.455 4111.952 4182 
0.021 4105.749 4110.411 4108.710 4110.243 4182 
0.022 4103.934 4108.707 4106.965 4108.535 4182 
0.022 4102.118 4107.002 4105.220 4106.826 4182 
0.023 4100.303 4105.298 4103.475 4105.118 4182 
0.023 4098.487 4103.593 4101.730 4103.409 4182 
0.024 4096.672 4101.889 4099.985 4101.701 4182 
0.024 4094.856 4100.184 4098.240 4099.992 4182 
0.025 4093.041 4098.480 4096.495 4098.284 4182 
0.025 4091.225 4096.775 4094.750 4096.575 4182 
0.026 4089.410 4095.071 4093.005 4094.867 4182 
0.026 4087.594 4093.366 4091.260 4093.158 4182 
0.027 4085.779 4091.662 4089.515 4091.450 4182 
0.027 4083.963 4089.957 4087.770 4089.741 4182 
0.028 4082.148 4088.253 4086.025 4088.033 4182 
0.028 4080.332 4086.548 4084.280 4086.324 4182 
0.029 4078.517 4084.844 4082.535 4084.616 4182 
0.029 4076.701 4083.139 4080.790 4082.907 4182 
0.030 4074.886 4081.435 4079.045 4081.199 4182 
0.030 4073.070 4079.730 4077.300 4079.490 4182 
0.031 4071.255 4078.026 4075.555 4077.782 4182 
0.031 4069.439 4076.321 4073.810 4076.073 4182 
0.032 4067.624 4074.617 4072.065 4074.365 4182 
0.032 4065.808 4072.912 4070.320 4072.656 4182 
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Efficiency data 
Volume 
fraction 
Water Al2O3 
Nanofluid 
TiO2 
Nanofluid 
SiO2 
Nanofluid 
CuO 
Nanofluid 
1 6.97 8.8840 8.9521 8.8859 9.3681 
1.1 7.667 9.7724 9.8473 9.7745 10.3049 
1.2 8.364 10.6608 10.7425 10.6631 11.2417 
1.3 9.061 11.5492 11.6378 11.5517 12.1785 
1.4 9.758 12.4376 12.5330 12.4403 13.1153 
1.5 10.455 13.3260 13.4282 13.3289 14.0521 
1.6 11.152 14.2144 14.3234 14.2175 14.9889 
1.7 11.849 15.1028 15.2186 15.1061 15.9257 
1.8 12.546 15.9912 16.1138 15.9947 16.8625 
1.9 13.243 16.8796 17.0090 16.8833 17.7993 
2 13.94 17.7680 17.9042 17.7719 18.7361 
2.1 14.637 18.6564 18.7995 18.6605 19.6729 
2.2 15.334 19.5448 19.6947 19.5491 20.6097 
2.3 16.031 20.4332 20.5899 20.4377 21.5465 
2.4 16.728 21.3216 21.4851 21.3263 22.4833 
2.5 17.425 22.2101 22.3803 22.2149 23.4202 
2.6 18.122 23.0985 23.2755 23.1035 24.3570 
2.7 18.819 23.9869 24.1707 23.9921 25.2938 
2.8 19.516 24.8753 25.0659 24.8806 26.2306 
2.9 20.213 25.7637 25.9611 25.7692 27.1674 
3 20.91 26.6521 26.8564 26.6578 28.1042 
3.1 21.607 27.5405 27.7516 27.5464 29.0410 
3.2 22.304 28.4289 28.6468 28.4350 29.9778 
3.3 23.001 29.3173 29.5420 29.3236 30.9146 
3.4 23.698 30.2057 30.4372 30.2122 31.8514 
3.5 24.395 31.0941 31.3324 31.1008 32.7882 
3.6 25.092 31.9825 32.2276 31.9894 33.7250 
3.7 25.789 32.8709 33.1228 32.8780 34.6618 
3.8 26.486 33.7593 34.0181 33.7666 35.5986 
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Exergy efficiency data 
Volume Fraction 
φ, (%) 
Water  Al2O3  TiO2 SiO2  CuO  
0.02 2.9747 3.0994 3.1158 3.0999 3.2153 
0.0205 2.9747 3.1025 3.1192 3.1029 3.2212 
0.021 2.9747 3.1055 3.1226 3.1060 3.2271 
0.0215 2.9747 3.1085 3.1261 3.1090 3.2330 
0.022 2.9747 3.1116 3.1295 3.1121 3.2388 
0.0225 2.9747 3.1146 3.1329 3.1151 3.2447 
0.023 2.9747 3.1176 3.1364 3.1182 3.2505 
0.0235 2.9747 3.1207 3.1398 3.1212 3.2564 
0.024 2.9747 3.1237 3.1432 3.1242 3.2622 
0.0245 2.9747 3.1267 3.1466 3.1273 3.2681 
0.025 2.9747 3.1297 3.1500 3.1303 3.2739 
0.0255 2.9747 3.1327 3.1534 3.1333 3.2797 
0.026 2.9747 3.1357 3.1568 3.1363 3.2855 
0.0265 2.9747 3.1387 3.1602 3.1393 3.2913 
0.027 2.9747 3.1417 3.1636 3.1423 3.2971 
0.0275 2.9747 3.1447 3.1670 3.1453 3.3029 
0.028 2.9747 3.1477 3.1704 3.1483 3.3087 
0.0285 2.9747 3.1507 3.1737 3.1513 3.3145 
0.029 2.9747 3.1537 3.1771 3.1543 3.3203 
0.0295 2.9747 3.1567 3.1805 3.1573 3.3260 
0.03 2.9747 3.1596 3.1839 3.1603 3.3318 
0.0305 2.9747 3.1626 3.1872 3.1633 3.3375 
0.031 2.9747 3.1656 3.1906 3.1663 3.3433 
0.0315 2.9747 3.1685 3.1939 3.1693 3.3490 
0.032 2.9747 3.1715 3.1973 3.1722 3.3548 
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